
Armed Services TechnicaI Information Agency
Because of our limited supply, you are requested to return this copy WHEN IT HAS SERVED
YOUR PURPOSE so that it may be made available to other requesters. Your cooperation
will be appreciated.

444,

Nr

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA

ARUSED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS

'NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
MENT. MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE
IWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
['ION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER

CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,
LL ANY PATENTED INVENTION THAT'MAY IN ANY WAY BE RELATED THERETO.

Reproduced by
DOCUMENT SERVICE CENTER

KNOTT BUILDING, DAYTON, 2, .OHIONCLV SSIFIED
! 4 *.,



T - 871 J THE LIBRARY OF CONGRESS
) ~ORDER FC-,R fCODjT AIN

Address to: te .9 .
Photoduplication Service 5Date.... ,7.. .2954 .......s, The Library of Congress t  so

Wasldngton 25, D. C. r
Enclosed fiid,$ for which please duplicate the item listed below.

S g a u e......... . .. ....... ............$' ron orrFsCl 115 * DO NOT WRITS SN THiS WA*:I g '

Name .... T qbic pq Inf~~ o MiisoName....... Te ..hn...ica. . 9. .t..to....,. .i,. ...~t..o.n..................................

ASTIA Re 'rene Cent
A ddress ......................... ...............................................................J_ ...............

•. ..... ........°... ..... .............. .. . ..................... .......... .. ......o... *...,1. ........ ........ ..

U Photostat ilm Photograp'i Negative Positive
only (Inel. neoative)

Flease make one NONPERATD miorofilm of the follwings
Naval Research Lab., Washingtoa, D. C.
SYNTHETIC LUBRICANTS FROM MANOHED CHAIN DIETE 3,
Atkins. Baker Kidder at &3. July 45. @
(Rept. no. P-2576)

....... Exp. @

....... Exp. @

....... Exp. 0h

.......... Exp. @

Special instructions: Postal regitry fee ................................

Total cost ..... ..... ........................

Deposit ..............................-.............. . .... ....

Balance due ...........................................

Received by: Date Refund ..............................................

7801-15 5/19/54



Navy Department - Office of Research and Inventions

NAVAL RESEARCH LABORATORY
Washington, D.C.

CHEMISTRY DIVISION - LUBRICATION SECTION

July 1945

SYNTHETIC LUBRICANTS
FROM BRANCHED CHAIN DIESTERS

By D. C. Atkins, H. R. Baker,
Helen Kidder, C. 11. Murphy, Jr.,
H. Shull, Paula W. Taylor, and

W. A. Zisman

- Report P-2576 -

RESTRICTED

Approved by

W. A. Zisman - Head, Lubrication Section

Dr. P. Borgstrom Rear Adm. A. H. Van Keuren USN (rei
Superintendent, Chem. Division Director, Naval Research Laborator:

Preliminary Pages...a-d
Numbered Pages ...... 55
Tables .............. 21
Pl ates ........... #. •7
Distribution List.. .e

NRL Problems: P-109
P-llO

iJ



ABSTRACT

.This report concerns a basic investigation and develop-
ment of synthetic diester lubricating oils. A number of new
lubricants have been prepared having optimum properties to
make them especia.Ly suited for mili.tary uses. A, on, these
are oils having unusually low evaporation rates and freezing
points. These properties have been obtained without any sacri-
fice of, oxidation stability or corrosion resistance.

A variety of synthetic diesters have been investigated
nd the aliphat'c brancned chain compounds have been shown to
oe especially suitable as base stocks for the development of
Lnstrument oils and certain special purpose lubricants. Oils
of outstanding merit for use over the temperature range -100°F
co 250 0F have been developod. Addition agents have been found
,c.-able of imparting to these oils excellent resistance to rust-
ing, improved viscosity indices and improved oxidation stabili-
tIes, The finished oils are adecuately stable to hydrolysis,
are practically insoluble in water, and have good demulsibility,
low foaming tendencies and low freezing points. Data have been
obtained on other properties of interest in lubrication such
as specifig gravity, thermal. expansion, and water solubility.

Recommendations have been made for numerous applications
of these oils to naval lubrication problems. Specification
and availability problems have also been discussed.
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INTRODUCTION

A. Athorization

1. This report concerns two investigations carried on con-
currently by this Laboratory. This is considered advisable,.,
for although the properties of the desired end products differed,
the same cbemical approach was employed and the same basic
lubricating problems were involved. It is hoped that the re:_
sulting 6ombined report will be of increased value. In Project
Order No. 4-0227 of June 22, 1944 the Bureau of Ordnance autho-
rized this Laboratory to conduct research on the development
of synthetic oils and greases for ordnance applications. In
Project Order No. 101/45 of July 19, 1944 the Bureau of Aero-
nautics authorized the investigation and development of improved
aircraft instrument lubricants 'nd damping fluids.

B. Pur!ose of.Investiga tion

2. In numerous types of equipment in present day naval use
extreme overating conditions are often involved. This led to
an increasing demand during the war for lubricants having un-
usual properties. Designers, manufacturers, and users of fire
control eoquipment, depth bomb mechanisms, fuse mechanisms,
aeronautical compasses, gyroscopes, clocks, gun sights, bomb
sights, recorders, and aefial photographic equipment have been
concerned with various lubrication problems. The most common
difficulty has been that of obtaining sufficiently effective and
chemically stable lubricants having pour points ranging from
-40OF for ordnance c;quipment to -80°F for aeronautical e-quipment.
The problem has been made more difficult by the need for non-
volatile fluids having viscosities at IOOOF of not over 10 to
15 centistokes and having the smallhst possible temperature
coefficient of viscosity. The best obtainable rust inhibition,
and hydrolytic and oxidation stabilities are required to care
for service use and for eventual long time storage conditions.
Because of the high cost of the equipment involved and the relative.
ly small volume of lubricant needed per unit, the cost of the
lubricant is clearly a relatively minor matter. However, early
commercial availability and manufacturing control such that
diffe'rent production batches would have the same performance
characteristics are essential. Other properties desired are
non-toxicity, resistance to mold growth, and compatibility with
petroleum lubricants to care for accidental contamination so
likely to occur uinder wartime service conditions.

3. The required combination of properties: low viscosity
at -40F0, low freezing point, and low rate of evaporation made
it very difficult to produce the required lubricants from petroleum
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oil fractions. Although suitable hydrocarbons could be syn-
thesized and might conceivably be prepared from petroleum by'
the adoption of unusual fractionation procedures, either the
synthesis or the careful se lectioi and control of base stocks,,
a the special equipment and specially trained personnel in-:
volved would make the product as expensive as non-.hydrocarbon"
synthetics. Furthermore, it would be a time-consuming and un -
welcome task for any petroleum manufacturer to produce such
fl.uids since the volume required, although large as compared
with pre-war standards of instrument oil production,. would still
appea.r small or insignificant to the producers possessing the
necessary trained personnel and special equipment, It was there-
fore considered advisable to-develop a homologous group of syn-
thetic organic chemicals for the naval lubricating applications
involved.

C. Hlistorical Background

4. Esters of dicarboxylic acids have been widely used in
industry in the past twenty years for plasticizers and vacuum
pump oils. The use of diesters a, plasticizers is the earliest
lerge scale application known to this Laboratory. The dimethyl,
diethyl, dibutyl, dioutyl, dipheny., and dibenzyl phthalates
and sebacates have been among the commonly used plasticizers.
Dibutyl phthalate was investigated and recommended for use as
a vacuum pump oil by Hickman and Sanford (1,2). Later a variety
of other diesters of phthalic acid were studied and applied by
Hickman (3). In present high vacuum distillation practice Use
is made of the dibutyl, diamyl, and dioctyl esters of eitlher
phthalic or sebacic acid, the dioctyl esters presumably being
the 2-ethylhexyl esters.

Although monoesters have been used for a long time as
lubricants or for lubricant additives, the use of diesters for
such purposes is relatively new. In connection with developmental
work on polymer thickened hydraulic oils, the Petroleum Refining
Laboratory Of the Pennsylvania State College tested a number of
undisclosed esters and diesters and reported finding that a
commercial grade of di-(2-ethylhexyl) sebacate was an effective
antitack additive for use in the low flash point petroleum
hydraulic oils being studied (4). That laboratory also reported
that the same diester was a useful base fluid for preparing
viscous polymer thickened; damping fluids of high viscosity
indices, A group of commercially available esters were described
with respect to their viscosity -temperature and melting point
characteristics, but no further information was given as to the
chemical nature or purity of the compounds used.

6. Although the diesters of Paragraph 4 were commercially
available, due to the uncertainty as to their purity and the
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necessity for reliable data on their physical and chemical
characteristics; it was decided to synthesize and purify all.
of the diesters studied in this investigation. Such a program
would permit a study of the relation of structure to the proper-
ties of interest in lubrication and would permit developing the
best possible low temperature lubricants. It was planned that
later in the research program, after performance standards were
set up-by the development of lubricants made from the pure
compounds, lubricant compositions could be prepared safely from
less carefully purified diesters.

II. PROPERTIES OF THE PURE DIESTERS AND DEVELOPMENT OF SUITABLE
ADDITION AGENTS

A. Theoretical Considerations

7. An important advantage of diesters as compared to mono-
esters is that compounds of relatively high molecular weight can
be prepared without resorting to the use of either alcohols or
acids of high molecular weight. In addition, more variety in
the possible molecular configurations is possible due to the
availability in such compounds of two reactive linkages. By the
full use of a variety of commercially available branched chain
aliphatic alcohols, a diverse group of diesters can be prepared.
As in the development of vacuum pump oils the desired low vapor
pressure can be assured by preparing compounds of sufficiently
high molecular weight, this factor being limited by the molecular.
weights of the available alcohols and dicarboxylic acids. Thus
dioctyl phthalate or dioctyl sebacate would have lower vapor
pressures than diethyl phthalate or diethyl sebacate. Likewise,
esters of sebacic or azelaic acids, which have ten and nine
carbon atoms respectively, are preferable to esters of an acid
such as succinic which has only four carbon atoms per molecule.

8. For application to lubrication, consideration must be
given to obtaining the pr6per viscosity and freezing point
characteristics. To keep the viscosities of the fluids low at
-40°F, it is essential that the branched chains be as short as
possible consistent with the need for obtaining low freezing
points. This can be done readily by using branched aliphatic
alcohols reacted with straight chain dicarboxylic acids by using
branched chain monocarboxylic acids and straight chain dihydric
alcohols such as decamethylene glycol, or by using branched
aliphatic dicarboxylic acids reacted with straight chain alcohols.
At present the relatively lower cost and availability of the
diesters made from dicarboxylic acids reacted with branched chain
alcohols makes their use preferable. Presumably this has been
the decision of others in developing vacuum pump oils and plasti-
Ci-rs. The required low freezing points can be obtained by two
methods. The first method is to cause branching of the molecule
to give hindrance to the regular
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alignment and closest packing of the major molecular chains.
The second method is to apply the well known rule of alternation
of the melting points of organic compounds of a homologous i
series and of the lower melting points of straight chain com-
pounds having an odd number of carbon atoms per molecule. Thus,
much lower melting point esters of dicarboxylic acids should
be made from azelaic acid which has nine carbon atoms than
from either sebacic acid or suberic'acid having ten and eight
carbon atoms. per molecule respectively. Of course, the presence
of the ester group itself is advantageous in causing the diester
compound to have a lower freezing point than the analogous hydro-
carbon compound.

9. The hydrolytic stability of a diester should be capable
of being increased by the addition of one or more minor hydrocar-
bon chains branching from the major ester chain in such a way
that each branch is close enough to an ester group to create
hindrance or blocking to the close approach of water or acid
molecules. Hence, the branching of the major chain of the diester
should occur on the beta carbon atom of the alcohol or of the
acid, If the blocking effect is increased too much, however,
there will be an added difficulty in obtaining good yields in
the esterification reaction. Hence, long hydrocarbon chains
branching from the beta or nearby carbon atoms are undesirable.

10. The viscosity-temperature characteristics of the pure
diesters can be related to the characteristics of analogous
hydrocarbon compo-unds. Also differences in the viscosity-
temperature characteristics of the various diesters can be related
to differences in their molecular structure. The esters of
dibasic straight-chain acids would be expected td have viscosity-
temperature characteristics similar to those of the analogous
paraffin'hydrocarbons. It has been shown that the normal paraffin
hydrocarbons have the most favorable viscosity-temperature
characteristics of the hydrocarbons. Various generalizations
on the effect of chain length, branching, cyclic groups, unsatura-
tion, and functional substituents for hydrocarbons have been made
by several investigators (5,6,7,8,9).

ll. A very limited amount of information is available in
the literature on the viscosity-temperature characteristics
of the higher molecular weight paraffin hydrocarbons. Much of
the published information is of limited value as the purity of
the compounds studied is unknown. Likewise, only the lower mole-
cular weight esters of the dibasic aliphatic acids have been in-
vestigated as regards their viscosity-temperature characteristics.
A comparison of the kinematic viscosities of the diethyl esters
of aliphatic dibasic acids and of the normal paraffin hydrocarbons
of the same chain length is presented in Table I. The chain

-4-

RESTRICTED



II

lengths of the diesters were considered to be the number of
atoms in the longest chain;, thus, one oxygen atom from each
ester group is included in the calculated chain length.

12. The kinematic viscosities of the diesters were calculated
from the absolute viscosity and density data of Dunstan, Hildit-ch,
and Thole (10). The viscosities of the normal hydrocarbons except
t:,idecane and pentadecane were obtained by interpolating the
viscosities given by Evans (11) from their curves on an ASTM :
7iscosity-temperature chart. The viscosities of tri- and penta-
;iecane were calculated from values of absolute viscosity and
jensity given by Doss (12). The viscosity of pentadecane is
inconsistent with. the other data.

13. Table I reveals that these diesters are more viscous than
c2he analogous paraffins of the same chain length but tend to
a,,proach them in viscosity at higher chain lengths. T;,e diesters
being more visccus than paraffins of the same chain length will
not require as long a molecule to give the desired viscosity.
This is advantageous from the synthetic point of view as the
cIifficulties of synthesis increase with the size of the molecule.
A1so the smaller diester molecule will have a lower freezing
oint than the analogous paraffin due to both its shorter chain
Lungth and 'the effect of the two ester grou ps.

14. Thorpe and Riodger (13) in their studies on viscosity
pointed out that "It seems futile to expect that any definite
stoichioretric relations should become evident by comparing
observations taken at the same temperature"'. Many other investi-
gators have reached this same conclusion. Better correlations
have been found when comparing properties at the melting and
boiling points and all other equivalent points. These results
are of considerable theoretical significance, but it is difficult
to translate them into useful data. It is. simpler to determine
the viscosities over the temperature working range. However,
certain generalizations have been worked out which are useful
in predicting the viscosity and the viscosity-temperature charac-
teristics of liquids from their structural configurations.

(a) Increasing the chain length increases the viscosity
and improves the viscosity-temperature characteristics as evidenced
by high value of V.I. and low value of the slope.

(b) The addition of side chains increases the viscosity
and impairs the viscosity-temperature charecteristics. The
amount is dependent upon the number and extent of the branches.

(c) The position of the branched chain exerts a variable
influ(,nce on the viscosity.
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(d) The addition of cyclic groups causes larger increases
in viscosity and greater increase of viscosity-temperature
coefficient than aliphatic chains.

(e) Increasing the ratio of the cross section of the
molecule to its length increases the viscosity-temperature
Coefficient.

I.1. These generalizations were used to outline a program fo;r
;he synthesis of a group of diesters to be prepared by other
lambers of, the Lubrication Section from available dibasic acids
..nd branched chain alcohols. In order to obtain the smallest
viscosity-temperature slope (or the maximum V.I.) an entirely
aliphatic diester was preferred. In order to obtain fluids
-.hich w,,ere of as low viscosity as possible consistent with the
need for low evaporation rates at room temperature, branched
chain diesters were preferred having branches with no more
than several carbon atoms.

B. The Preparation of Pure Diesters and Some Properties Found
Duringhe -reparation

1.6. The above conclusions coupled with considerations of the
availability of starting materials and of the need for a group
of fluids having a range of viscosities resulted in a definite
program for the synthesis and development of a number of diester
lubricants. The group studied and reported here includes esters
of sebacic, azelaic, and adipic acids, Some esters of phthalic
acid were included for comparison. The alcohols used were con-
fined to the branched-chain saturated aliphatic alcohols at
present commercially available in volume i.e., 1-ethylpropyl,
2-ethylbutyl, isoamyl, undecyl, tetradecyl, and heptadecyl
alcohols, the last three being the branched-chain aliphatic
alcohols manufactured by the Carbide and Carbon Chemicals Corp.
A discussion of the synthesis, purification, and chemical identi-
fication of the resulting diesters will be found in another
report of this Laboratory (14).

17. The physical and chemical properties of each pure diester
were subsuquently xamined and special emphasis was placed on
propertics of interest in lubrication. Chemical addi.tive agents
were developed for use as antioxidants, rust inhibitors, and
V.I. improvers. The data obtained, the lubricants developed,
and the conclusions pertaining to them are presented in this
report,

18. In Table II are listed the dicsters synthesized and purified
by this Laboratory for this and related investigations. The
theoretical molecular weights and the observed freezing points

-6-
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werr obtained from NRL Report P-2573 (14) and are listed here

for convenience of reference. The compounds are grouped by the

acids used ahd usually within e:ach such group by increasing
molecular weight. It was found that the freezing points were

depressed by the presence of impurities especially of traces

of the aicohols used in the synthesis. Also, due to the branched

structure of these organic compoundst the liquids readily super-
cooled to giv much lower apparent freezing points than the.
true values. It was therefore necessary to chill each liquid
untid solid and then slowly warm it in order to measure the

melting point correctly. The pour points as defined in the
specifications for petroleum oils were considered too unreliable
to be of any value in discussing diesters.

i9. Focussing attention first on the pure diesters those
having freezing points btlow -75OF are: the 1-ethylpropyl diesters
of' adipic, azelaic and sebacic acids, the 2-ethylhexyl diesters
of adipic and azelaic acids, and the 2-ethylbutoxy diester of
,adipic acid. Those having freezing points below -40OF but not
bcloz -75°F are the 2-ethylhexyl diesters of phthalic and sebacic
acids, the 3-methylbutyl diester of adipic acid, the 2-ethyl-
buty]. diester of azelaic acid, and the branched undecyl, tetra-
decyl and heptadecyl diestcrs of adipic, azelaic, and sebacic
acids. If mixtures of these.pure diostors are used, ' any ex-
tremely low freezing point mixtures can bc made, while any of
the above mixed with the ethyl or butyl diesters of phthalic
acid, the 2-ethylbutyl diesters of adipic acid, or the 2-methyl-
butyl diester of, azelaic acid may also be useful for numerous
moderately low tempcrature uses. Two component mixtures of par-
ticular interest in connection with the development of instrument
oils suitable for extremely low temperaturos are those of the
2-ethylhexyl diesters of rdipic, azele'ic and sebacic acids.
In NRL Report P-2543 (14) it was reporte.d that mixtures of the
azelate and sebacate containing over 20 per cent by weight
azelate and mixtures of the adipate and sebacate containing
over 35 por cent by weight sdipate had fr,"ezing points below
-75°F. Of course, all mixtures of the adipate with the azolate
would have fraezing points below -900 F.

C. Viscosity-Temperature Characteristics

20. The kinematic viscosity-temperature chcracteristics of the
diesters were determined over the tnemperature range of interest.
The viscosities vere determined in calibrated Cannon-Fenske
modified Ostwvld type viscometers according to the ASTM Method
D445-42T. ASTM kinematic viscosity thermometers calibrated by
the National Bureau of Standards were 'used to measure the tempera-
tures at 770, 1000, 1300 and 210°F. The baths were thermostaticall
controlled to O.030 F.

-7-
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21. For the low temperature determinations a well-insulated
constant temperature bath with double windows was used. Tem-
perature control was maintained by balancing a low wattage
immersion heater against the cooling effect resulting from the
sublimation of the dry ice contained in a compartment surrounding
the liquid bath. "Methyl cellosolve" was used as the bath
liquid. The temperature was measured by the E.M.F. from a 6-
;:unction copper-cupron thermopile (calibrated at the freezing
points of water and mercury and the sublimation point of solid
carbon dioxide) in conjunction with a type B Rubicon potentiometer
and a sensitive external galvanometer. The E.M.F. from the
thermop :le was 120 to 140 microvolts per degree F.

22. The Cannon-Fenske modified Ostwald viscometers were cali-
brated at 1009F. At all other temperatures the usual correction
factor was applied to compensate for changes in the dimensions
of the viscometer and in the volume of the liquid. These factors
have been determined over the range 600 to 2100 F, and the values
['or the lower teraperatares were obtained by extrapolating the
cuirve through the known points to the desired temperature. The
variations of the viscosity with temperature of each diester are
given in Table 11I, and the data plotted on extended ASTM viscosity
temperature charts D341-43 are shown on Plates 1 to 4 inclusive.

23. Of the several methods of rating lubricants according.to
their viscosity-temperature characteristics the most common are
the viscosity-temperature slope or the "A4STM Slope" and the
"Viscosity Index ', usually abbreviated to V.I. The ASTM slope
is the tangent of the angle made by the viscosity-temperature
curve on the ASTM chart and is measured linearly. This method
is advantageous in that the slope may be determined for any
portion of the liqui.dus range of thfe' fluid desired, The lower
the value of thu slope thc:' less is the change in viscosity
with temperature. The slope value is quite useful in comparing
fluids having apiroximately the same viscosity at a given
reference point.

24. The kinematic viscosity index or V.I. was determined by
ASTM method D567-41. The V.I. is the figare; calculated from
the kinematic visbosities at 1000 according to the following.
equation: L

L-H

"U" is the viscosity of the oil in question at 1000 F. "1L" and
"H" are the 1000 F viscosities of hypothetical oils having the
same viscosity at 210OF as the oil under consideration, Hypo-
thetical oil "L" has a V.I. of 0 and oil "H" a V. I. of 100.
For oils having viscosities below 4.20 centistokes at 210OF
the values of "H" and 1L" may be calculated by the following
equations:
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H a 1.4825x 0.91375X2

L = 1.655x + 1.2625x2

where x is the kinematic viscosity at 2100 F. Tables of the "H''

and "L" values are included in the ASTM procedure. The "H"
and "L" values were originally based on the viscosity-temperature
characteristics of contrasting types of petroleum lubricating
oils. A V.I. of 100 is considered good for petroleum oils not
containing polymer thickeners and is about as high a rating as
can be obtained by present industrial refining methods. As the
reference temperatures are 1000 and 210OF this method gives no
information as to the low temperature characteristics of the oil
in question.

25. A third equation very commonly used to predict the viscosity-
temperature characteristics is that of Andrade (15):

Equation (A) J- = AeB/T

where r1  viscosity in absolute units (poises), T = absolute
temperature, and A and B are constants. This equation holds with
a fair degree of accuracy for a large variety of liquids. Many
variations of this equation have been proposed in hopes of im-
proving the linear relationship, frequently by the inclusion of
a third constant in the eouation which makes it more difficult
to use. If the constant B is multiplied by R or K, the gas or
Boltzman constant respectivoly, the dimensions of the product
are that of energy. Thus, B = I/R where I = increment of energy
of activation of viscosity; therefore:

Equation (B) j.- AeI/RT

26, Evans (16) found equation (A) to fit the data on the
simpler hydrocarbons with a fair degree of accuracy but this
equation gave curves instead of straight lines for the higher
hydrocarbons. He concluded that the ASTM equatioh fitted the
hydrocarbons with a greater degree of accuracy than any of the
nine equations investigated. Nissan, Clark and Nash (17) in-
vestigated the vis-cosity-temperature characteristics of a number
of liquids including normal paraffins, isoparaffins, olefins,
alkyl halides, alcohols, aldehydes, ethers, esters, acids and
others and found that I in equation (B) was not a constant even
when temperatures of equivalent states were used instead of the
absolute temperature of the determinations. Thus I or the constant
B in Andrade's equation is not constant but varies with the
temperature. The degree of association of the liquid probably
influences the variation of B more than any other factor, but B
varies even for unassociated liquids, notably the paraffins.

-9-
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27. In Table III the data are arranged in families of diesters
according to the dibasic acid involved, The graphs of the vis-
cosity vs. temperature on the ASTM chart of Plates 1 to 4 are
nearly all straight lines. As previously mentioned the ASTM
equation is an empirical one, and there is no known theoretical
reason why the viscosity-temperattire curves of the diesters
should be straight lines on this chart. It is known that polar
compounds whose depree of association varies with temperature
give curved graphs oct the ASTM chart. This suggests that the
association of these diesters does not vary much with temperature.
Whateve' the theoretical basis, the' ASTM slope is an excellent
means of characterizing the entire visoosity-temperature curve
of diesters. The slope and, for comparison, the V.I. of each
compound are given in Table III.

28. Using lO0OF as a reference temperature an examination of
the data in Table 111 shows that the diecters of orthophthalic
acid, U-shaped moleculf-s with the cyclic group as the base of
the U, are more viscous than the diesters of the aliphatic
dibasic acids. Also the viscosity-temperature relationships of
the phthalate esters are less favorable as evidenced by V.I's.
and slopes, than those of the aliphatic dibasic acid esters of
comparable colecular weight. The phthalate esters have much
higher cross section length ratios than do the corresponding
aliphatic dibasic acid esters, Methyl phthalyl ethyl gly-
colate is more viscous than the corresponding ethyl ester
which is unexpected. As these esters are commercial prepara-
tions their purity is doubtful.

29. The effect of increasing chain length of the acid on
the viscosity is made more apparent by roarranging some of
the data of Table III to form Table IV. In these examples the
increase in chain length is attained by increasing the chain
length of the straight chain dibasic acid; thus the branching
and ester groups occur at identical positions from the ends of
the chain for each example cited. Therefore, Table IV shows
that the viscosity is increased by increasing the chain length.
Increasing the chain length also. improves the viscosity-temper-
ature slope if thc. amount and extent of the branching remains
constant. A comp'.rison of the data on the di-(3-methylbutyl)
and di-(1,3-dimothylbutyl) adipates and sebacates shows that
increasing the number of branch chains incr-ases the viscosity
but impairs the viscosity-temperature characteristics, These
results are in full agreement with the theoretical conclusions
of Section A ic.lstive to the relation of diester structure to
viscosity and viscosity-temperatur slope.

- 10 -
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30. The un-, tetra-, and heptadecyl diesters of adipic acid
exemplify the effect of increasing the extent of branching on
viscosity, Graphically these esters have the following struc-'
tures:

(A) C-C-C-C- C-C-C-C-O-C-C-C-C- C-C-O-C-C-C-C-C-C-C-C

C C C C

C C
diundecyl or di-(l-methyl, 4-ethyloctyl) adipate

(B) C-C-C-C-C-C-C-C-02--C-C-C-O-C--C-C-C-C- C-C I

C C C C

C C-C C-C C,.
I, c
C C

ditetradecyl or di-(l-(2-methylpropyl)14-ethyloctyl) adipate
0.,. 0

(C) C-.C-C-C- C-C-C-C-O-C-C-C-C-C-CO- C-C-C-C-C-C-C-C

C .C C

C C C C

C-C-C C-C-C

C

C C

diheptadecyl or di-(.-(3-ethylamyl),4-ethyloctyl) adipate.

From the above description of the molecular structures involved,
it is seen that these diesters all contain an ethyl group in the
4 position and that the difference in branching is due to the
increases in length and branching of the side chain at the 1
position.

31. The viscosities, slopes and V,.'s are compared in Table
V. Theo ..ncreases in viscosity due to increasing the size of
the branched chain are apparent. The di-heptadecy adipate does
not conform to the theory that the viscosity-temperature charac-
t, Pstics are impaired by increasing the branching, These qters
w.re synthesized at this Laboratory (14) from commercial alcohols
Of unknown purity a-nd being so viscous ,,ere difficult to purify
by distillation and adsorption.

- 11 -
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32. A comparison of the viscosities of diesters of two
different dibasic acids, whose over-all structural configura-
tions are identical except for the differences in the positions
of the ester groups, leads to some interesting conclusions.
The structural formulae of these esters are:

0,0

C C

di-(3-methylbutyl) adipate

C-C-O-C-C-C-C-C-C-C-C-C-e°- O - C - C

I1
CC

di-(l-methylethyl) sebacate.

Both diesters have a major chain having a length of 16 atoms
and have a methyl side chain at the 2 position. The results
are arranged in Table VI for comparison. From Table VI it is
seen that the position of the ester may be varied without
causing appreciable changes in viscosity or viscosity-temper-
ature characteristics if the structural skeleton remains the
same. *The freezing point is, however, greatly influenced by
the relative oositions of the groups being much lower for the
di-3-methylbutyl adipate. It is unfortunate that this is the
only example available for comparison.

33. An examination of the viscosity vs. temperature graphs
of the diesters; Plates I to IV inclusive, reveals that in
general a straight line is obtained on the ASTM Chart. However
the graphs of diesters of alcohols containing an ether-oxygen
linkage curved upward in the low temperature region. It was
also noticed that the graphs of other diesters curved upward
when their viscosities were determined belowi their freezing
points, i.e. when they were supercooled liquids and in a meta-
stable state. The observed curvature in this region may be
attributed to increased- association. Several of the commercial
diesters of phthalic acid also have curved graphs. It is
believed that the curvature is in many cases due to the presence
of impurities. In the course of this investigation it was found
that as the purity of a diester was improved the viscosity vs.
temperature graph tended to approach a straight line. It is
concluded that the viscometric properties of aliphatic diester
series approach, at high molecular weights, those of the analo-
gous hydrocarbons. The most desirable diesters for maximum V.I.
, nd low freezing points are those having a long principal chain
with two or more short side chains such as methyl or ethyl
(and possibly propyl) groups.

- 12 -
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D. Vgl l_

34. The evaporation of low viscosity instrument oils and
polymer thickened hydraulic,oils has been the source of con-
siderable trouble to the Navy. The evaporation of the volatile,
less viscous fraction of petroleum oils used in such lubricants
has in many instances left residual oils with considerably
increaseu viscosities and pour points. Increasing the viscos-
ity incr-ases the torque and thus reduces the sensitivity of'
many instruments for low temperature operation. In extreme
cases of evaporation so little lubricant remained that the
mechanism was not adequately lubricated. In othcr applications
the evaporation and recondensation of the lubricant on optical
parts of the instrument was sufficiently great to obscure the
vision, thus rendering the instrument useless.

35. As many naval instruments and indicator and control
systems contain delicate complicated mechanisms and often
many iaaccessible perts, their relubrication is a major over-
haul operation requiring the services of an expert. Therefore,
it is essential that the time intervals between relubrication
pcriods be increased as much as possible. One of the requisites
of a suitable lubricant is a low e-aporation rate.

36. Petroleum oils arr. fractions or cuts containing a
variety of hydrocarbons of different volatilities and viscosi-
ties. The evaporation of the more volatile constituents changes
the physical properties of the lubricant. Thus it was reasoned
that a lubricant made from a base fluid consisting of one or
two. pure organic compounds each having a sufficiently low vol-
atility would ideally satisfy this requirement.

37. The boiling points of the diethyl esters of the dicar-
boxylic acids (18) (oxalic through sebacic, with the exception
of azelaic) as compared to those of the analogous hydrocarbons,
(12) i.e., normal paraffin hydrocarbons of the same chain length,
are given in Table VII.

38, From Table VII it is evident that the lower qembers of
the homologous series of the diethyl esters of aliphatic dicar-
boxylic acids have considerably higher boiling points, and
therefore lower evaporation rates, than the same chain length
unbranched hydrocarbons. On going up this homologous series the
hydrocarbon portion of the molecule increases while the diester
portion remains constant. Therefore, the influence of the latter
on the boiling point will be less noticeable as the molecular
weight increases.

- 13 -
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39. It is well known that the physical properties of the
normal alkyl hydrocarbons differ from those of their branched
chain isomers. General rules have been given on the effect'
of branching on the boiling point. Briefly they are as follows:

(a) The boiling pont of the branched chain hydrocarbon j
will be lower than that of the normal hydrocarbon isomer.

(b) The addition of a side chain to a normal paraffin
hydrocarbon will increase the boiling point.

(c) The increase in boiling point by the additiorn of
side chains will vary according to the amount and extent 01
the branching and to a lesser extent, it will be influeaced
by the position of the side chain.

40. From the above considerations it is evident that the
diesters of the normal alcohols will be less volatile than
those of their branched chain isomers. However, there are other
properties desired inan instrument lubricant; in particular,
the freezing or pour-point of the oil must be considered, as
temperatures of -80OF are reported to be encountered in cc.,tain
aeronautical applications. As the diesters of the normal
alcohols not only have higher boiling points than their branched
chain isomers, but also higher freezing points, some compromise
must be made to obtain a fluid with sufficiently low freezing
point and a satisfactory degree of non-volatility.

41., The rate and the amount of evaporation of the diesters
were determined by the following empirical test procedure. The
change in weight with time of a standard sample in a standard
container under controlled conditions of heating and circulation
of air ,,as determined. Crystallizing dishes 45 mm. inside diam-
eter and 35 mm. deep containing a 10g. sample of the diester
were maintaintd at a tenpcrature of 150OFi O.0 F in a convection
typc- drying oven. The liquid surface exposed was 16 sq. cm.
The samples w'ere cooled and weighed at intervals of 24 hours
until 168 hours of exposure elapsed4  At the end of the evapora-
tion test the viscosity of the non-volatile fraction was deter-
mined and th: change in viscosity calculated. The meutraliza-
tion number was also determined on the sample before and after
the test using the procedure described in Federal Specification
VV-L-791b Method 510.31 (B). None of these diesters changed
in neutralization number.

42. The results of the evapovation tests on the diesters
are shown in Table VIII. The diesters are arranged in families
(according to the dibasic acid) in the ascending order of chain
length. Branch chain diesters having the same chain length
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are arranged in order of increasing molecular weight. Di-
substituted diesters precede monosubstituted ones of the same
molecular weight. The phthalic acid diesters are arranged in
the order of increasing molecular weight, and no attempt was
made to estimate the chain length of the molecules as they are
"U-shaped" and have a ring as the base of the "U", These aro
also commercial products whose purification has been described
(14).

43. Of this group only diethyl phthalate lost more than
one per cent by weight during the evaporation test. Increasing
the ester goups from ethyl to butyl reduced the evaporation,
loss from 7.3 to 0.6 weight per cent9  The di-(2-ethylhexyl)
phthalhte showed no loss in weight during the evaporation test.
The evaporation-time curves for these phthalate diesters are
approximately straight lines indicating the evaporation of a
one component system rather than one containing a small amount
of a volatile impurity. The negligible change in viscosity
after evapo-ation which is within experimental error, is
further confirmation of this fact.

44. The phthalyl glycolates, which are triesters, also
showed decreasing evaporation rates with increasing molecular
weights. They are less volatile than diesters of o-phthalic
acid which would be expected because of the addition of the
third ester group. The considerable increase in viscosity
after the evaporation tost is greater than would be expected
from the evaporation loss. The evaporation-time curves show a
high initial rate which flattens out after the first 24 hours,
indicating a volatile component, It was impossible to deter-
mine the neutralization number of these samples as the end point
faded badly. This is evidence of hydrolysis.

45. The, diesters of adi;.ic acid investigated ranged in
chain lengthfrom 12 to 28 atoms and included fluids having a.
boiling point of 1240C at 10mm. pressure to those requiring
"molecular distillation" under high vacuum. Thp (1-methylethyl)
diester with a chain length of 12 lost 46 weight per cent
during the evaporation test, while the (1-ethylpropyl) diester
lost only 2.1 per cent, and th- viscosity change was within
experimentil error, All other adipic acid diesters except
(1, 3-dimethylbutyl) and diundecyl or (1-methyl- 4-ethyloctyl)
had evapdration weight losses of less than 1/2 per cent. The
former sample decreased in neutralization number during the
(evaporatLon test. This could be explained as due to the
evaporation of the monoester. However, there was a negligible
ohang(_ in visdosity, The undecyl diester had a high initial
changc in viscosity, The undecyl diester had a high initial
evaporation loss indicating a volatile contaminant. The per
cent viscosity change and neutralization number increase were
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4.2 and 0.05 respectively which confirms presence of a vola-
tile component.

46. The di(2-ethylbutoxy)ethyl) adipate, though having
a low evaporation loss, showed increases in neutralization
number and viscosity indicative of oxidation instability.
The molecularly distilled diesters had high neutralization
numbers, indicating that they contained some acidic impurities.
There was insufficient material available for evaporation
tests on the ditetradecyl and di-(2- 2-butoxyethoxy)ethyl)
adipates.

47. The diesters of azelaic acid investigated ranged in
chain length from 17 to 25 atoms and in boiling points from
1920C at 5 to 6 mm, to 235oC at 2.5 mm. Pll had evaporation
losses of 1/2 per cent by weight or less except the (2-butoxy-
ethyl) diester. This sample had a high neutralization number
which increased during the evaporation test. The viscosity
increase was 2.9 per cent at l000 F. The other diesters had
negligible increases in neutralization numbers and viscosities
except the (2-methylbutyl) diester which increased 1.3 per cent
Jn viscosity, indicating the presence of a volatile impurity-
or some reaction during the test.

48. The diesters of sebacic acid investigated ranged in
chain length. from 16 to 28 atoms and included fluids having
a boiling point of 175oC at 13 mm. pressure to one that had
to be molecularly distilled under a high vacuum. Only the
(1-methylethyl) diester .(chain length 16 atoms) had an evapora-
tion loss greater than 1/2 per cent. These diesters all had
low neutralization numbers except the di(2-ethylbutoxy)ethyl)
sebacate whose neutralization number of 0.30 decreased to 0.20.
after the evaporation test. This §aniple also increased 1.7
per cent in visco~sfty (1000F) due to evaporation.

49. It is evident that numerous diesters of the aliphatic
dicarboxylic acids can be prepared having low evaporation
losses. The evaporation rate can be reduced by increasing
the chain length and/or molecular weight. Due to the pour
points or freezing points required, the diesters must contain
branched chains for the applications under consideration. Be-
cause of the difficulties encountered in preparing all the
diesters in sufficiently high degree of purity, it is not yet
possible to predict accurately the minimum chain length re-
ouired to get a predetprmined evaporation loss. However, from
the results given here it is estimated that diesters having
a chain length of 18 atoms or more will have evaporation losses
under the test conditions of approximately 0.3 per cent by
weight or less depending upon the amount and extent of branch-
ing. The evaporation losses of these diosters are much less
than those of pctroleum oils of the same viscosity. Numerous
comparative data on this and rplated points are presented in

fanothcr report of this Laboratory (ref. 19).
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E. E§m. bilitCha racteristies

50. Iaformation relative to the flammabilities 9f the
diester pils is necessary to'determine to what extent precau
tions should be taken for their storage and use. No one test
has been found that is capable of characterizing the flammab lity
of an oil under all the conditions to which it may be exposed.
Therefore, several tests have been used to evaluate thisproperty.

51. The flash point is frequently used as a measure of the
tendency'of an oil to ignite when exposed to an open flame or
sparkq However, for high flash point oils this test is more
nearly a measure of their volatility or vapor pressure, as the
temperatures required for ignition are not attained without an
external source of heat. The Cleveland Open Cup flash and fire
points (A3TM Method D92-33) of several typical diesters are
given in Tablq IX. The results show that the least viscous
diester di-(l-ethylpropyl) azelate with a viscosity of 6.66 cs
at 1000 F,. had a flash point of 3700F. and a fire oint of' 3950F.
The most viscous diester testedi di (2-ethylhex 1 sebacate with
a viscosity of 12.6 cs at 100°F, had a flash po nt of 4500F,
and a fire point of 5000P. The diesters of intermediate vis-
cosities had flash and fire point§ between these extremes. The A
flash and fii'e points of pur~e diesters, stripped of volatile
impurities, are related to their boiling points or vapor press-
ures as a comparison with Table VIII indicates.

52. The additives used to inhibit oxidation and prevent
rusting had only a slight effect on the flash and fire points
of the diesters. The addition of O,1 per cent of. the antioxidant
4-tertrbutyl- 2-phenylphenol and of 025 per cent of the rust
inhibitor zinc di(phenylstearate) to the oil di-(2-ethylhexyl)
adipate increased the flash and fire points from 380 to 400OF.
and from 430 to 440 0 F. respectively. As the flash point is
very sensitive to the presence of small amounts of volatile
flammable impurities the heating procedure used to hasten the
solution of the additives may account in part for the increase
in the flash point observed. The fire point is not so sensitive
to the presence of such impurities. The spread observed in the
values reported is within experimental error, The addition of
the rust inhibitor calciui di(phenylstearate) in concentrations
up to 3 per cent by weight to di-(2-ethylhexyl) sebacate contain-
ing 0.2 per cnet 4-tert-butyl 2-phenylphenol had no effect on
the flash and-fire points beyond that which may be attributed
to experimental error.

- 17 -

,EC TRICTED



I :I

53. The spontaneous ignition temperature is the temperature
to which the oil must be heated before it will ignite s-ponta%e-,
ously. To obtain reproducible results in the laboratory the.
test procedure. must be rigidly controlled as the ignition
temp3r&turG is affected by numerous variables. The apparatus
used was that of Sortman, Bc-atty and Heron (20) and the pro-
cedure has been described in detail in previous reports of this
Laboratory (21 22). The ignition cup was of stainless steel
and electrically heated. A 10 milligram drop was used with :n
air flow of 125 cc./min.

154. The spontaneous ignition temperatures of some diesters,
all of which had ethyl side chains, are reported fn Table IX.
The results show that the di,(l-ethylpropyl) azelate had the
highest ignition temperature, 8420F., and di-(2-ethylhexyl)
adipate the lowest, 7430F. The (2-ethylhexyl) diesters of
azclaic and sebacic, acids were somewhat higher being 756OF. &
765 0F, respectively, Data included in reference (22) indicate
that the spontaneous ignition temperatures of esters decrease
as the chain length increases. Also, it is known that the
spontaneous ignition temperatures of the normal paraffins de-
crease as the chain length increases. The deviations from this
generalization observed in the ignition temperatures of the
2-ethylihexyl esters is believed to be due to impurities and
to some extent, experimental srrors.

55. The addition of up to 3 per cent of calcium di-(phenyl-
stearate) to di-(2-ethylhexyl) sebacate containing 0.2 per cent
of 4-tert-buty.-2-phenyiphenol had little effect on the spontan-
eous igni-tion temperature. The addition of the acryloid polymer
thickener HF-880 to di-(l-ethylpropyl) sebacate reduced the
spontaneous ignition temperature slightly, Since this polymer
was received as a toluene solution it is possible that a small
amount of toluene could have remaied after the stripping opera-
tion employed. But any remaining toluene which has an ignition
temperature of l165F. would not be expected to lower the igni-
tion temperature. Therefore the lowering of the ignition temper-
ature is attributed to the acryloid polymer. This effect is
not urexpectc.d )s it has been previously observed that the
ignition tcmpcratures decrease with increasing chain lengths.

56. The "spray inflammability" or the ability of a spray
or mist of oil to prQpagate a flame was detcrmined in the
apparatus developed at this Laboratory and d escribed in earlier
reports (21, 22). The oil was sprayed from an artist's air
brush in a mixture of oxygen and nitrogen gases at the rate of
10 ml. of oil to 10 liters of gas per minute. The per cent of
Oxygen by volume required to propagate the flame at a speed
exceeding 350 cm/min. in such a spray was used as the criterion
Of flammability.
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57. The results of the spray inflammability tests (Table IX)
reveal that 16 to 23 per cent of oxygen is required to propagate
the flame in a spray of the diester oils. This is a higher
concentration of oxygen than the 12 per -_ent required by light
mineral oils such as used in the preparation of petroleum base
hydraulic oils. However, as air contains approximately 21 per
cent oxygen by volume such a cpray would propogate a flame in air.
Hence a spray in air of any of these diester oils would present
a serious fire hazard,

58. Ar.incendiary firing test was made on di-(2-ethylhexyl)
sebacat6 (22) and that fluid was found to be as flammable as
petroleum oils of the same viscosity grade. This is in agree-
ment with the predictton made from the result of the spray
inflammability test;,

59. The diesters though flammable were much less susceptible
to ignition from a spark or open flame than were petroleum oils
of similar viscosities as evidenced by their higher flash and
fire :oints. The additives used to stabilize oxidation and
prevent rusting had at most only a slight effect on the flash
and fire points of the diesters. The spontaneous ignition temp-
eratures aere all above 7000Fe. The ignition temperature decreased
as the chain lengths of the di,5eters inc7eased, this also being
typical. of hydrocarbons. Though data are 'Limited, the ignition
tempeatures of the diesters were somewhat higher than those of
hydrocarbons of similar structures. It I possible that lower
or higher ignition temperatures could have been obtained if
another type apparatus or different test conditions had. been
used. The catalytic effect of different -urfaces may also affect
the temperature of ignition greatly. The "spray inflammability"
test revealed that 1o to 23 per cent of o- ygen was required to
propagate a flame in a mi st or spray of the diesters. As air
contains 21. per cent of rxygen by volume such a spray of the
diesters would be flammable. Incendiary firing experiments
revealed, that dL-(2-ethy'.hexyl) sebacate, the only diester
tested, waa flammable under such conditions. Additional flanma-
bility data on 'he other diesters prepared for this report will
be obtainei whe.l sufficient quantities of the pure diesters are
available.

F. S pclf... Gravity and Thermal ExDansion

60. The denaitie-3 of the diesters were determined at 25 0 C.
(,77P,), as referred to water at 40C., in a 5 ml.. pycnometer.
The pycnometer was calibrated with water at this temperature
using the corrections in Standard Density and Volumetric Tables,
Circular of the Bureau of Standards, No. 19. The results are
given in Table <.
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61. As would be expected the di-sters of phthalic acid
were the heaviest of those invoestigated since they contain an
aromatic ring as well as two ester groups. Increasing the
aliphatic portion of the molecule reduces the density, as
evidenced by the densities of 1.114, 1.043, and 04981 respect-:
ively for the diethyl, dibutyl and di-(2-ethylhexyl) esters
of phthalic acid. The phthalyl glycolates with three ester
groups have a greater density than the alkyl phthalates.

62. The esters of the dibasic aliphatic acids are less dense
than those of phthalic acid. These compounds also decrease
in density as the hydrocarbon portion of the molecule is in-
creased, Branching of the hydrocarbon chain will cause a
variation of density. As the hydrocarbon chain is increased
the diesters would be expected to approach the densities of the
analogous hydrocarbons. Some of the density results reported
are inconsistent with the above reasoning, e.g. the di-(2-ethyl-
butyl) adipate has a greater density than any of the other
adipic acid esters except di-(1-methylethyl) ester, These few
inconsistencies probably are due to impurities not yet removed
by the method of purification employed.

63. The diesters of the aliphatic dibasic acids are more
dense than petroleum oils of the same viscosities. Unlike
petroleum oils the densities of the diesters investigated de-
crease with increasing chai.n length or viscosity. The reason
for this has been discussed abo-re.

64. The specific gravities of four of the esters, di-(l-
ethylpropyl) azelate and the di-(2-ethylhexyl) esters of
adipic, azelaic and sebacic acids were determined over the
temperature range - 400 to 210°F. A estphal balance was used
and the obsered apparent specific gravities at temperatures
other than 60 F. were corrected for changes in the volume of
the glass plummet. The specific gravity - temperature curves
were straight lines over this temperature range, but their
slopes differed slightly. The changes in pecific gravity per
degree F. were 422, 4134 397 and 394 X 10" respectively for
di-(l-ethylpropyl) azelate end the di-(2-ethylhexyl) esters
of adipic, azelaic and sebacic acids. Therefore, the smaller
the hydrocarbon portion of the diester molecule the greater
the change in specific gravity with temperature.

65. The specific volume, or volume per unit mass, of each
of the above four diesters was calculated from the specific
gravity and thd specific volume-temperature curves were plotted.
These curves were practically linear over the range - 40u to
100OF. The deviations from lii-earity became more pronounced
above 1000 F. From these the coefficients of thermal e~pansions
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obtained (- 400 to 1000 F.) were 486, 471, 464 and 464 X 0-6

and from 1000 to 2100 F. were 518, 509, 491 and 491 X 10-
respectively for di-l-(ethylpropyl) azelate and the di-(2-ethyl-
hexyl) esters of adipic, azelaic and sebacic acids. The
coefficients of thermal cxpansions of these esters are somewhat
higher than those of petroleum oils of the same specific gravity
grade, for, according to the Abridged Volume Correction Table
for Petroleum Oils, Supplement to National Bureau of Standards'
Circalar C410 Group I Petroleum Oils (specific gravities of
0.850 to 0.991) have coefficients of expansion of 400 X 10-0
per OF.

66. The specific gravities (60/600F.) of the diesters were
calculated from the densities at 25/40C. by converting to
specific gravities at 77/600 F. and using 0.0004 as change in
specific gravity per OF. This was the value determined on
the four esters mentioned above. The specific gravities of
the diesters are also given in Table X.

G, Jxidation'Characteristics and Antioxidants

67. Information 9s to the oxidation stability of a new
additive compound or lubricating fluid is generally necessary
before its range of usefulness can be appraised. Under service
conditions the fluid should not oxidize to form quantities of
precipitates, sludges, or gums capable of clogging oil lines or
interfering with the lubrication process or other functions of
the oil. Also it should not separate into non-miscible liquids.
It-is obviously important that the acidic oxidation products be
held to a minimum and that these products should not be corrosive
to the metals in the system, Also it is desirable that the
viscosity and tho viscosity-temperature characteristics of the
oil after oxidation should not differ greatly from that of the
original fluid.

68. There is a dearth of information in the literature as to
the oxidation characteristics of esters, particularly under condi-.
tions approximpting sorvice applications for instrument oils.
From bond energy determinations (23) it would be predicted that
the ester linkages are more thermally stable than the C-C bond.
Therefore, the oxidation stability test should not be confused
by the oxidation of cracked products due to the pyrolytic in-
stability of the ester groups. Spontaneous ignition temperature
mcasuroments (see Section E) reveal that the esters and diesters
ignite at higher temperatures than aliphatic hydrocarbons of the
same chain length. Thus in an uncatalyzed reaction the esters
would be expectud to be somewhat more stable than the analogous
hydrocarbons and to follow the same general rules governiag the
oxidation of the alkanes.
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69. G. Egloff (24) has enumerated the generalizations
relating molecular structure to the thermal oxidation of
alkanles. These are summarized below:

(a) As the length of the normal hydrocarbon chain in-
creases, the oxidation stability decreases.

(b) Branching and condensation of the molecule increases
the oxidation stability.

(c) An increase in temperature usually results in a
shorter induction period and a more rapid rate of oxidation.

(d) An increase in pressure may influence the oxida-
tion in several ways: (1) It increases frequency of molecular
collisions with subsequent increase in reaction rate. (ii) It
deactivates chain carriers. (iii) It alters the electrostatic
field giving rise to induced or increased polarity. (iv) The
direction of the reaction is that leading to a decrease in
volume of the system. (v) Foreign gases, solids, or inter-
mdwiate re ection products may inhibit, accelerate or have no
effect on the oxidatioa reaction. (vi) An excess of oxygen
may cause a decrease in the amount of oxidation.

70. If the oxidation characteristics of the aliphatic diesters
follow the generalizations worked out for the alkanes, then the
shorter diester molecules would be expected to be more oxidation
stable than the longer chain ones. Branching, particularly
if it tended to form more condensed molecules, should increase
the stability. The effect of varying the position of the ester
groups on the oxidation stability of diester molecules having
the same structural configurations is not known. It seemis reason-
able to assume that the stability would decrease if the length of
any hydrocarbon chain in the molecule greatly exceeded the others.

71. A static type test using Norma Hoffman bombs was used
to evaluate the oxidation characteristics of the diesters. The
oil sample (25 grams) was contained in a cylindrical glass vessel
or liner that fit snugly into the bomb. Metal specimens of
electrolytic copper, 24ST duralumin, and SAE 1020 cold-rolled
steel 1-1/2" x 1/2" x 1/16" were used as oxidation catalysts
in certain of the tests. The surface area of each was 1.75 sq.in.
(11.12 sq.cm.). The specimens were polished and degreased as
described in Section (H). The specimens were arranged in the
form of an equilateral triangle with the 1/2" edges in contact
with the other specimens, The bomb assemblies were flushed with
oxygen to remove the air before filling to 100 psi of oxygen at
room temperature. The bombs were maintained at 212OF & 0.50F, at
which temperature the initial pressure was 125 psi. The change
in pressure with time was observed during the test period of
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]68 hours. At the conclusion of the test period the samples
were allowed to cool to room temperature and then were examined
for changes in viscosity, neutralization number, odor and color,
the formation of precipitates or sludges and separation of
immiscible liquids. When the metal specimens were used, they'
were examined for evidences of corrosion and rusting.

72. Several typical diesters were selected for non-catalyzed
bomb oxidation tests. These were the di-(2-ethylhexyl) esters
of adipic and sebacic acids and the di-(l-ethylpropyl) esters
of adipic, azelaic and sebacic acids and the di-(l,3-dimethyl-
butyl) ester of sebacic acid. They were chosen in order to
obtain some indication of the relative stabilities of esters
,)f different acids and of different alcohols. The results of
these tests, Table XI, indicate that the di-(l-ethylpropyl)
esters of adipic, e.zelaic, and sebacic acids are more resistant
to oxidationi than the di-(2-ethylhexyl) esters. No differences
in the oxidation stabilities of the same esters of the different
ncids could be detected by this test. The di-(l,3-dimethylbutyl)
sebacate was the least stable of the diesters examined. Since
the purity of the diester samples varieO, it is difficult to
draw rigorous conclusions from the oxidation tests as small amount:
of impurities may influence the course and rate of the oxidation
reaction. However, it appears that the shorter chain and more
condensed diesters are the more stable to the oxidation conditions
used in the tests, and they therefore appear to follow the quoted
generalizations of paragraph 69 relating molecular structure to
oxidation stability of alkanes.

73. The results of the oxidation tests indicate that the pure
diesters have approximately the same oxidation stabilities as
the corresponding alkanes of the same molecular configurations.
But the increase in neutra-1 ization number and the formation of
precipitates during -oxidation reveal that these oils as such are
not sufficiently oxidation stable to be considered as satisfactory
lubricants for all. of the naval applications of interest.

74. The oxidation stabilities of many compounds and fluids can
be improved by the addition of small amounts of oxidation inhibi-
tors. The effect of various inhibitors on the stability of gaso-
IC,e s , petroleum oll fractions, fatty oils, rubbers and many
other !rod-ucts has been widely investigated and reported in the
scientific, technical and patent literature. A review of the
results of many investigators on the effect of antioxidants in
gasoline and petroleum oil fractions, as well as an extensive
biblioqraphy on the subject, may be found in two books by Ellis
(2) '6 The results show that some substances effective as
Sn Ibitors of the oxidation of a given type of compound may be
inleffective or even act as oxidation accelerators for another
type compound. mhe effectiveness of different antioxidants was
found to vary ( --. among the various hydrocarbons, such as alkane,,
alkenes, aromati. , and naphthenes. In addition, the effectiven b
of many inhibitos varied with the temperature of oxidation,
Some being more *.,fective at high temperatures than at low temper&-
tures, and vice versa.

- 23

RESTRICTED



75. Iost of the accepted theories on the oxidation of
hydrocarbons, and bf many other typfp of organic compounds,

SuchTh antionS inluepostulate an autocatalytic reactlon4 The antioxidant retards
or prevents the oxidation by breaking the chain of the rea~tion.
Such theories include:

(a) The hydroxylation theory of Bone (27) which postu-I
lates the formation of an alcohol as the primary step.

(b) The peroxide theory of von Elbe and Lewis (28)
which postulates the formation of a per-acid as the pr-imary
product,

(c) The dehydrogenation theo'ry of Lewis (29) which
postulates the formation of an unsaturated hydrocarbon and its
oxidation to an unstable peroxide,

(d) The aldehyde degradation theory of Pope, Dykstra
and Edgar (30) which postulates the formation of an aldehyde
which is further oxidized with the loss of a carbon atom.

76, The peroxide theories of von Elbe and Lewis (28) and
Lewis (29) are the most generally accepted. Four possible
mechanisms have been considered by which the antioxidant A
could react with the auto-oxidizable peroxide P02 to break the
chain,

(1) P02 + A -- PO AO

(2) P 2 + A - P + A02

(3) 2P02,+ A ---. 2PO + AO 2

(4) PO2  A -.- PA+0 2

Method (4) is the most desirable as it inhibits the oxidation
and does not consume the antioxidant, but rarely is this attain-
ed. Method (1) is believed to occur most frequently in practice.
This method retards the oxidation reaction to a lesser extent
than TMethod (4). Also, the inhibitor will be consumed in time;
then the reaction will revert to an autoctalytc one. Regard-
less of whether the auto-oxidizable substance is a peroxide,
if the inhibitor reacts with it to break the reaction chain,
the oxidation reaction rate will be retarded or inhibited. As
monomolecular and bimolecular reactions frequently require a
greater activation energy than autocata3Vtjc reactions, addition
of an inhibitor will usually increase the induction period thus
Prolonging service life.
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77. Of the many compounds invest'igated (25) (26) as oxida-
tion inhibitors those containing an easily oxidizable group oere
in general found to be the most effective, the aromatic hydroxy
and amine compounds being, the best p(troleum and hydrocarbon:inhi,;tors. Lowry (31) and Egloff, Morrell, Lowry and Dryer

(32) fQuad that alkyl, aryl, or tertiery amino groups ortho or
para to the amino or hydroxyl group gave increased inhibition.
The presence of nitro,' c arbonyl or carboxyl radicals had the
opposite effect.

78. Because the results of the oxidation tests and spontaneous
ignition temperatures indicated that the diesters were not oxi-
(dized at the ester linkages, it seemed reasonable to assume that
the inhibitors generally effective in retarding the oxidation of
hydrocarbons and petroleum fractions would also be effective in
the diesters. The di-(2-ethylhexyl) ester of sebacic acid was
chosen as the solvent diester for this phase of the investigation,
as it was available in the greatest quantity and highest purity.
Tha oxidation test used was tho bomb test previously described.
IVItal catalysts were also used because an oil is seldom used in
al all glass system.

79. The effectiveness of some aromatic hydroxy and amino
compounds, a.]. soluble at - 600F.,'in inhibiting the oxi-
dation of di.-(2-ethylhexyl) sebacate under the conditions des-
cribed are shown In Table XII, Of the compounds investigated
only. 2, 4-dichlorobenzophenone, which is not r,,adily oxidized,
had no iahibiting r-ffoct on the oxidation roaction, All of the
aromatic hydroxy and amine compounds investigated had a marked
inhibiting effect on the oxidation reaction as reflected by the
much smaller changes in oxygen pressure, neutralization number
and viscosity as compared to those of the uninhibited di-(2-
ethylhexyl) sebacate°

80. The tests made on the inhibiting action of diphenylamine,
p-cyclohexylphenol and p-hydroxydiphenyl were with a less pure
sample of the base stock diester as reflected by its higher
initial neutralization number. The catalytic effect of the acidic
impurities present may account for the greater neutralization
number increase observed. The green coloration of the oil after
oxidation is attributed to a reaction on the copper catalyst.
forming soluble copper salts. None of the tests with other
compounds except that with 4-tertbutyl catechol, was accompan-
ied by green coloration of the oil which is indicative of capper
corrosion.

£1. A number of the compounds inwvstigated even in small weight
concentrations of 0.1 to 0,2 per cnnt inhibited the oxidation of
the di-(2-ethylhexyl) sebacate so effectively that the oxygen
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consumption was less than one pound per sq. in. in 168 hours,
the neutralization numbcr increase was 0.20 or less and the
viscosity change was negligible. Neither was there evidence
of any attack or corrosion of the metal catalyst or formation
of precipitates or sludges. The compounds having such effect-
iye inhibitory prol:erties were p-tert-butyl o-cresol, 4-tert-
butyl 2-phenylphenol, p-tort-amyl phenol, o-cyclohexyl phenol
and thyraol. The oxidation stability imparted to the di-(2-ethyl-
huxyl) sebacate by these inhibitors was equal or superior to
that of many petroleum instrument oils (19).

82. It has been shown by Dornte et al. (33) (34) (35) that
the oxidation reaction may be unaffected, accelerated or retard-
ed by volatile reaction products, The influence of high press-
ures and excess oxygen concentration on the oxidation reaction
hi-s been referred to already (24). Therefore, to characterize
more fully the oxidation stabilities of the diesters, oxidation
tests at atm9spheric pressure without an excess of oxygen and
ith the rem bval of the volatile products should be made, Such

tnsts have been made on finished diester oil compositions and
,ire discussed in Part III of this report.

83. The pure diesters as such did not have the oxidation
stability required for lubricant applications as evidenced by
thuir oxygen consumption, increase in neutralization number and
the formation of precipitates. However, a number of compounds
were found to be capable of inhibiting the oxidation of the
diesters even in the presence of the common metal catalysts,
so hat the oxygen consumption for a 168 hours test period at
212 F. was negligible. The neutralization number increase was
0.2 or less and no precipitates or sludges were formed. Nor
was there evidence of' any attack on the metal catalysts, The
inhibition to" oxidetion obtained was equal or superior to that
of most petroleum oils of comparable viscosity grades. The
effective inhibitors were of the same types as those used for
hydrocarbon and petroleum oils,

H. Oil Soluble Rust Inhibitors

84. Highly refined petroleum oils and many other types of
bas?: stocks hove little or no rust inhibiting action in the pre-
sence of water. One of the most common and effective methods of
imparting rust inhibiting properties to these fluids is by the-
addition of a small amount of a suitable oil-soluble polar
organic compound, An explanation of the mechanism or mode of
action of such compounds in preventing rusting has been given
in a report of this Laboratory (36). This report also discussed
test methods and the efficiency of many compounds and additives
as rust inhibitors in Navy Symbol 2135 petroleum oil. As the
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mode of action of rust inhibitors will be the same in the
diester oils as in petroleum oils, the good rust inhibitors
found then should also be effective Ln the diester oils if
soluble 'However, differences in the solubilities of the
comoounds in the two base stocks may affect their relative
ratings as rust inhibitors.

85. Laboratory tests discussed in (36), which were designed
to simulate increasingly strenuous service conditions, were
used in this study to evaluate the compounds considered promis-
ing as rust inhibitors against the rusting action of both dis-
tilled Yater and synthetic sea water. The inhibitors discussed
here do not include all examined, but are only those showing
the most promise for the applications under consideration.

&6. A modification of the ASTM Rust Prevention Test (D665-
44T) was used to evaluate the effectiveness of the inhibitors
against drops of water dispersed in the oil. This test was
designed to simulate the rusting action of drops of water dis- ,
persed in the oil and was developed to test rust inhibition
properties of turbine oils. The drops of water that, 'adhere to
the test specimen are continuously being washed away by the
oil stream. Therefore, the water drops must penetrate the
protective film within a short time if rusting is to take place.
The average time of adhesion of the water drop is dependnat upon
the size of the" drop (degree of dispersion) and method and speed
of stirring. This is )ne of the least rigorous of the rust pro-
tection tests and simulates the protection against rusting afford-
ed by the oil when the system is in operation and the water is
dispersed in the oil.

87. As the quantities of available diesters of hi h purity
were limited;a modification of the A.S.T.9. Test (D665-44T)
was used to conserve thn diester oil.s. The modification con-
sisted essentially of a reduction in the size of the oil sample
and test specimen. The test specimen was a cold rolled steel
(SAE1020) strip - 4 1/4" X 1/4" X 1/32". The oil sample was
75 ml. and 10 pcr cent of this volume of water was used, A
glass paddle rotating at 1.080 rpm was used to disperse the
water in the oil. The procedure was the same as that described
in the ASTM Method except for the preparation of the test
specimen. The test temperature was 1400 F. and the duration of.
the test 24 hours. This test has been found to be somewhat more
rigorous tFaqn the A.S.T.M. test as some samples that pass the
former test allow a slight amount of rusting with the modified
procadure.

Each specimen was polished and degreased as follows:
After the use of new No. 150 and No. 320 emery papers, every
Possible precaution being taken to avoid handling the specimen
"'ith the fingers, it was placed in a clean glass container of
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commercial C.P. benzene and boiled for three or four minutes.
The specimen was transferred directly from the benzene by.
means of clean metal tweezers to another vessel containing
either high grade petroleum ether or C.P. ethyl ether and
boilod for approximately one minute. The specimen was then
transferred from the solvent directly into a beaker of the oil
to be tested. It was necessary to make this last transfer
rapidly, due to the fact that any delay with such a degreased
steel specimen resulted in the rapid appearance of a layer of.
rust due to exposure to the atmosphere. The warm ether
evaporated rapidly allowing the transfer to be made with
adequate speed.

89. The effectivene'ss of the degreasing procedure was tested
by the water drop method. A drop of grease - free distilled
water was allowed to fall upon the surface to be tested. If
the test specimen was completely degreased, the drop of water
spread to cover uniformly the entire surface, did not draw up
to form drops, and evaporated showing interference colors during
the last stage of evaporation.

90. As the properties of the diester oils suggested their
most promising applications to be for. low temperature lubricants,
only those rust inhibitors soluble at low temperatures are
discussed in this investigation. All of the inhibitors invest-
igated showed no evidence of precipitates after 96 hours at
-65 0 F. except the sorbitan monooleate and the amine salts of
aliphatic acids and these were completely soluble at -400F.
In seeking rust inhibitors use was made of di(2-ethylhexyl)
sebacate as the solvent or base stock since at the time it was
the only pure diester available in sufficient quantity.. The
effectiveness of these compounds as rust inhibitors in the other
aliphatic diesters would be expected to be only slightly diff.
erent. Any differences found would be attributed to the rela-
tive solubilities of 1he inhibitors in the various diester oils.

91. The results of the modified Turbine Oil Rusting Tests
with di-(2-ethylhexyl) sebacate as the base stock are given in
Table XIII. The compositions were rated numerically as to the
amount of rust formed on the test specimen. If the whole sur-
face of the test specimen was rusted a rating of 10 was given
the oil. No rust is denoted by a rating of zero, and numbers
between 0 to 10 denote the fraction of surface rusted. Fraction-
al ratings of 1/4 or less denote the number and size of small
rust spots, 1/64 denoting one small rust spot,

92. All of the divalent metal soaps of the aryl stearic
acids investigated when present in a weight concentration of
0.35 per cent prevented the test specimens from rusting in the
Presence of distilled water, When synthetic sea water was
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uscd only the magnesium di-(xyly:lste-.r:.te;) completely prevented
thce rusting of thc test specimen. The- calcium and barium soaps
though having a m'-rked inhibiting action allowed a slight amount
of-, rusting :s denoted by their ratings in Teqble XIII. As indi-]'
C .ted in the table the emulsions formed during the 'test period
wjerc. relr;,tively unstable-., breaking completely in less than an
houtr. The pH of the sepaqrFated wotor w,,as determined after thetests arid the higher r'esults obtained, when magnesium di-(xylyl-.
stearate) was used indicate a greater degree of' hydrolysis thanf.
in case of the calcium or the barium soaps.

93. For many applications a greater degree of rust inhibi-
o.,Ln is desired than can be evaluated by the MOodified Turbine

:il Rusting 'rest. Therefore a more rigorous test, the static
,nter drop test, was used. This test simulates the rusting
action Df a drop or v.:)cket of water in a system where the oil
-is ouiescent, i~e. dead ends or a systom riot in operation. The
tort specimins wor(, cold rolled steel (ZWAE1O2O) plates approx-
i.rntely 1 inch square and 1/16", t'iick. In the center of one
..~cp a shallow conical depression approximately 1/3211 deep was
ia1ce r.ith a 7/16"1 diameter center drill. whose tip was ground
to form co. incluided angle o-L7. 1480. Immediately following the
degreasing proce'dure, previously described, the test specimon
wxas irmersod, drilled-face ulpward, in a 1/4-1" layer of the oil
t o be testr.d contained in a small beaker (100 ml.) or petri
d-ish., After th- rrital trst specimcn !h.ac be-en in contact with
the oil for one hour at th- test t(-moeraturr to allow a reason-
ab'le approximation of adsor-Ption oquill.ibriu-, to br reached,
a drop of w,.ater !;as placeCd in the(-, oil- so that it rested in and
just fLilled thc conicb'. ,Jepn--.ssion. The sp.cimens were obscrved
at 2 4 hour ILnte:rvals and ra-ted as to thrc ainotnt of'rust formed.
ThE. usual duration of th,. t..st was 1681 hours.

94.. The resul 'ts of static wratcr drop test whon distilled
water at 140"F. was used are given in Tabl,: XIV. The metal
salts of the aryl stearic aoids, compIctely prevcnted the rust..
111g of the t, 'st spr cimons during the test p(-riod (168 hours)

whnprr:sient in 0.215 weight per cent concenitration. No differ-
0 fccs could 1> de,_trctud in the rust inhibitory action of those
COMPounds in the_ va rious diesters, Thie zinc salts of the sub-
stituut,-d sh.Drter chain aliphatic acids employed also orevcnited

terusting of the; test spr. imen when pre..senat in a concentration
Of 0.50 weli*ht p.,.r cent. The sorbitan monoleate and the ami~ne
slilts of the substituted aliphatic acids 'hough active. in in,-
:1lbit111, tho rusting o' th;,e specime.-n did not comp](1tely prevent
1 s rusting, as showA.n by the ratings in Tablo XIV.

1n ~car ,t'n eff1Lective-,ness of rust inhibitors hasenfondt d e ase with increasing t-1 parature (36). one

-29-

!-."TRJCTErD



of the more promising rust inhibitors, calcium di-(phenylstearate),
was e-xamined in concen-trations from 3.0 p,,r cent to 0.35 per cn
by weight using the static watcer drop method with distilled water
at 1600 F. The re--sult's rovealed that only 0.35 weight per cent
of inhlibitor preventeod thce formation of rust at 160 0 F. for the'
duration of' the tcst (168 hours),

96. The effectiv(Iness of the inhibitors in preventing rust-Iing iin thi presence of sea w atrr was determined by thc. static:
-ate:r drop at 1000 F. The di-(2-sethylhexyl) sebacate offered
littl(c: or :io protection from the, rusting action of the synthetic
sea water as sho R-n by a corrosl~on, rating of 10 obtained in lessTha ,n 24 hours of exrosure Tabl , XIV. All of the compounds in-
1i stigated exertcd an inhibitt.ng effect, but noare completely
'..0avcted rusting for the te.-st period (168 hours). The most
-ffectivc- inhibitors of those tried w. ere the divalent metal
-oaps of substituted aliphat .c acids and these allowe--d only a
, 1,ight amount of rusting durkng the 168 hour test period as

ddcedbythe small fractional valuo assigned the rust rating.
.,_.roasing the concentratiop of the rast inhibitor calcium di-

uhe~ylsoart~)from 0.35 :to 3.0 weight p,,r cent caused only'
as~light improvement in the. rust protr-ction and this -a! evident

'AL y after sew- ra]. days.

)17.I The effectivoness of thre inhibited diester oils in pre-
ve-nting tharl rusting action of water on iron or steel parts
covored by onaly a. thin film of thc diester .ra:s i-termined by
a spray cabine:.t test*. The test specimcns for thi's test were
rectangular, Cole~ rollod ste el(SAE 1020) strips, 3" long, 1-1/2"1
vwido und 1/811 thick. They N,.ere clcaned and d. gr(eased as pre-
vt1ousiy d-escribed eftc, 'r whichia the,:y we~re dipped in t'hs_ test oils
for one, minut.,. and thun lallowcd to drain at room tomp--rature
f or twlo hours ,'before beiag niaced in the spray cr.binet. The
spc-cimens ...ore supported pe-:rpcndicule.riy from tli. bottom. The'
spray cabinet tns the Typ.e: B,. Size 2, rubber linei:.d cnbinet
of the, Industrial -Filter and Pump 1-.anufacturing Company. The
trst t-rnpj:r-e)turc wass 1000F. and distilled water was atomized

wit a5lss nozzle iha ving a 1 mm. tip and operated by clean
a-Ir under a rsesurc of 25 psi. The spray was deposited at the
'rate of 0.1 r./sq~cm./ 8 hrs.

93. In th:.is test thcrce is no opportunity for the oil filmtoc be replacud or repa-1-ired once it is broken. Also the con-
tifluius lieeching action of the water will gradlually remov :, the

rutthbio.Terfrthe tcst is probably more, of a leech-
lgt'-St -and simuletes a conadit ion where wniter is continually

Eing deposited !a.nd , llowced to dr-ain off the pakrts or mecimnism.

QO Th( results of various co.,iccntra.;.tions of calcium di-pr.henyl-
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stearate) and magnesium di-(xylylste rate) in di-(2-othylhexyl)
sebacate in preventing th. rusting action of a continuous spray
of distilled ,ater arc givcn in Table XV. The rust r 'tin, s
indcio,.ts that the calcium and fagnesium aryl rt arotes had
approximately the same inhibiting powrr when' usred in same weight
c,ncentrations. increasing the concentration of these comoounds
improved the amount of inhibition obtained both as regards the
extent of rusting and the time req Ared for rust to appear.

100. These exrcriments show that the diecter oils have little
.ir no rust inhibition properties anJ if used as lubricants where
, here is' the likelihood of water accumulatingin the system, a
"Uat inhibiting additive should be incorporated in the oil.
faboratory tests simulatin, increasingly severe service con-
litions where used to evaluate the compounds investigated. The
most satisfactory rust inhibitors found were divalent metal
-oaps of substituted aliphatic acids and were capable of prevent-
ing the rusting of iron or steel parts for 16" hours by a static
(irop of distilled water when tested at 1400 F, These inhibitors
•'wre ef'fective in concentrations as low as 0.25 to O.35 weight
r r cent a.nd were solible in the diesters at temperatur.es as1.ov ac - 65°F. The divalent metal soaps of substituted ali-
.phatic acids, though unable to completely prevent the rusting
uf the test specimen in the presence of a static dro: of syn-
thetic sea water at 100 0F., greatly inhibited i'ts rusting action
Further increases in the concentration of the inhibitor had
oaly a slight effect on the rust inhibition obtained. Low
concentrations of these soaps retarded the rustidlg of iron and
steel whea subjected to a continux.is spray of distilled water
but'did not prevent rusting. High concentrations of approximately
2 per cent of these soaps 1ere found necessery to prevent the
rusting of specimens when subjected to such cond"tions. Speci-
fications should not require a gr-ater degrE' of rust inhibition
than that necessary to give satisfactory service oper"ation be-
cause increasin' amounts of rust inhibitors frequently affect
some other desirable property of the lubricant adversely.

(I) ___ hick(ners and V. I' Improvers

101. The changes in viscosity with temperature of the b.st
P~tro!(um oils are so great that they do not flfill the require-
Mc:Ats of many Naval app'ications. Synthetic fluids have been
investigated in the hope of finding an oil with the desired
viscosity - temperature characteristics. Although some fluids
±th unusually low temperature coefficients of viscosity havebeen developed, often their use has been restricted by other
hysical or chemical pror:erties as well as by excessive costs

anid limLted availability. Petroleum fractions -an be thickened
wIth polymer additives to form fluids with viscosity - tempera-
tur characteristics s.per.Ior to those of conventional j:etroleum
• 'is; however, other considerations li,,it the improvement ob-
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tainable. Experience has shown that if two oils of the same
type, one being less viscous than the other, are thickened to the
same viscosity at a given reference point with the same polymer,
the less viscous base stock oil will have the better viscosity-
temperature characteristics. Therefore, further improvement in.
the viscosity temperature-characteristics will require the use
of less viscous base stocks. But as the viscosity of petroleum
fractions decreases, the volatility increases. Since in manyapplications non-volatility is an important requirement, it is
obvious that the volatility requirement will limit the useful
improvement in V.I. obtainable by dissolving polymers in petroleum
oils. Numerous lubricants with improved viscosity-temperature
characteristics have been obtained by the addition of linear
polymers to petroleum fractions, the most common being the so-
called "flat viscosity" hydraulic oils, e.g. AN-VV-0-366b, 0S-2943
and 0S-1113. since the addition of the polymer increases theviscosity of the fluid, lighter (less viscous) and hence moreinflammable petroleum fractions must be used as base stocks in
blending polymer additive oils.

102. Staudinger (37) developed an empirical equation relating
the molecular weight of humologous polymers to the specific
viscosities of the dilutc d solutions.

sp/c = Km M

where ysp solution - 1 = specific viscosity

and M molecular weight of polymer

Km constant

c - concentration of polymer

viscosity (poises)

There has been much discussion and criticJ.sm as to the accuracy
of this equ2tion and it has been found. sp/c is not a constant
even at high dilutions for high molecular weight polymers. But
regardless of its accuracy it is known that the increase in the Iratio 4sLluti_n' is some direct function of the molecular weight

, solvent 
1

and molecular weight distribution of homologous polymers forequivalent concentrations. Therefore, the higher molecular weightPolymers of homologous series have the greater thickening effect.
Considerations of economy make preferable the use of the higher
'nolecu.ar weight polymers. However, it has been observed, that
under certain operating conditions the viscosity of polymer addi-
tive oils decreases, and that the viscosity decrease is greater
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for oils containing very high molecular weight polymers. An
earlier report of this Laboratory (3) discussed this effect

and attributed it to three causes, shearing stresses being by
far the most important. An equation was also presented for
calculating the highnst rolecular weight oolymer that could
be safely used for a given application. The rates of shear
encountered in hydraulic systems, in whcih the above mentioned
oils are used, are much greater than thoso likely to be
encountered in other applications. The viscosity breakdown
to be expected of diester oils thickened with these polymers
would be expected to be smaller in instrument lubricants.

1.03. The diesters investigated were much less volatile than
petroleum oils of the same viscosity grades and had viscosity-
tcmperature characteristics equal or superior to comparable
petroleum oils. Thereforc, it was considered possible to pre-
pare polymer thickened dicster oils with viscosity - temppra-
tur,- characteristics superior to polymer thickened petroleum
oils of the same volatilities, In an effort to find polymers
for this purpose, the approximate solubilities of a number of
linear polymers in di-(2-ethylhexyl) sebacate were measured.

104. The polymeric materials investigated included cellulose
esters and ethers, polyvinyl alcohol, polyvinyl acetate and
polyvinyl acetal, cumarone - indene resins, polystyrene, poly-
butene, and polyacrylic esters. The cellulose and polyvinyl-
type polymers were relatively insoluble in the diester. Only
low molecular w-eight polystyrenes and polybutenes -',ere soluble
and the solubility decreased rapidly with decreasing temperature.
The cumarone-indene resins, though quite soluble, had molocular
weights too low to have an appreciable thickening effect unless
high concentrations were used. The polyacrylic esters (Rohm
and Haas Company F-10, HF-& 4 and HF-830) were quite soluble in
this diester. The 11F-345 and HF-080 "Acryloids" have been much
used during the war as thickening agents and V.I. improvers for
hydraulic and recoil oils, e.g. specifications AN-VV-0-366b,
0.S.-2943 and AXS-808.

105. As the di-(2-ethylhexyl) ester of sebacic acid was at
the time the only diester of the aliphatic acid series available
in large quantity, it. was used as the solvent or base stock for
determining the thickening and V.I. improving effects of the
"Acryloid" polymers, This was not a limitation since the thick-
ening action of the "Acryloids" on this diester should be of the
same order of magnitude as on the other aliphatic diesters report-
ed here for they are conYfined to a rather narrow group of homo-
logues. However, it is known that the thickening effect will
bp greater on the !iiore fluid diesters and less on the diesters
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more viscous than di-(2-ethylhexyl) sebacate. Also, differ-
ences in the solubilities of the acryloid polymers in the
various diesters may also exert an influence on the relative
thickening effects and V.I. improvement.

1o6. The effect of the addition of 1.0, 3.0, 5.0, 10.0
and 20.0 per cent by weight of the "Acryloids" "HF-845" "HF-
880" and "F-10" on the viscosity and viscosity-temperature
characteristics of di-(2-ethylhexyl) sebacate are given in
Table XVI. and shown graphically on Plates 5 to 6. It can be
seen from the table that of the three "Acryloids" investigated,
"Acryloid HF-880" had the greatest thickening action and "HF-
845" the least. "Acryloid HF-880" also gave the greatest im-
nrovement in viscosity-temperature characteristics as evidenced
by the ircreased viscosity indices and the decreased ASTM Slopes.
Table XVI shows that the addition of 1.0 per cent of the "Acry-
loids" resulted in a solution with a higher V.I. and a smaller
slope than the base stock. Increasing amounts of the acryloids
steadily decreased the V.I. of the solution. Upon the addition
of 20.0 per cent, the resulting solution had a lower V.I. than
the base stock or solvent. This apparent anomaly is due to the
peculiarity of the V.T. scale and deserves a brief discussion
here.

107. A tabulation of the V.I.Is of some hypothetical ideal
oils, i.e. oils showing no change in viscosity with temperature,
may help understand this apparent anomaly.

Viscosity Centistokes

2.00. 365.5
5.00 299.8
7.50 229.1
10.00 208.0
25.00 168.0
50.00 148.5
75.00 140.8

The above table shows that the V.I. scale is no more suitable
for comparing oils of different viscosities than is the ASTM
Slope method.

108. At the higher concentrations of the "Acryloids" several
of the resulting solutions exhibited non-Newtonian behavior.
This has been observed in the polymer thickened petroleum base
hydraulic fluids and may be due to the orientation of the linear
Polymeric molecules with the direction of flow, resulting in
a decrease in viscosity with increased rates of shear. The
decrease in viscosity is some function of the number and length
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of the polymeric molecules present and the rate of shear. It
is probable that the non-Newtonian behavior would have been
observed in the fluids of lower polymer concentriations and at
the higher temperatures if the rates of shear had been suffi-
ciently high. The graphs of Plates 5, 6 and 7 reveal that the
addition of the polymers to the base stock, di-(2-ethylhexyl)
sebacate resulted in solutions whose graphs deviated from
linearity. The curvature is more apparent at the high temper-
atures and increases with increasing polymer concentrations..
The linearity of the graphs of the diesters on the ASTM chart
has been discussed in Part I, Section C of this report,

109. The thickening effects of the "Acryloids" .in the
di-(-ethylpropyl) esters of azelaic and sebacic acid are also
given in Table XVI. The addition of 3.3 weight per cent of
"Acryloid HF-84-5' increased the viscosity of di-(l-ethylpropyl)
azelate from 6.66 cs. to 13.3 cs. at 100 F . This is greater
than the viscosity of di-(2-ethylhexyl) sebacate (12.6 cs) at
1000 F, yet at - 400 F. the former fluid had a viscosity of ?26
cs as compared to 1410 cs. for the latter, The thickening
effects caused by the addition of 1.0, 2.0, 2,23 and 3.0 weight
per cent of "Acryloid HF-880" to di-(1-ethylpropyl) sebacate
are presented. These data demonstrate that the viscosity -

temperature characteristics are improved by increasing the
concentration of polymer and also that the fluids made by
thickening the less viscous diester, di-(l-ethylpropyl) sebacate,
hadbetter viscosity-temperature characteristics than polymer
thickened fluids made by thickening di-(2-ethylhexyl) sebacate.
This is in conformity with the predicted results.

110. Though fluids with better viscosity - temperature
characteristics may be obtained by the addition of polymers to
the less viscous diesters, they are obtained at the price of
increased volatility. The volatilities as determined by weight
losses with. time of polymer thickened diesters were found to be
approximately the same as the base stocks or solvents. As the
diesters are much less volatile than petroleum oils of the same
viscosities the polymer thickened diesters offer a means of
preparing oils' of superior viscosity - temperature characteris-
tics and materially reduced volatilities.

(J) FoPami ropert ies

111, This is a brief explanatory study of the foaming
tendancies of representative members of the group of ali-
phatic diesters. This is of interest because of the difficul-
tj.(, that have been met in practice with other oils in hydraulic
equipment of many types of design,

112, The test apparatus used was in no way novel, consisting
of afritted glass filter of medium porosity to which was sealed
a length of glass tubing to make a long column. The oil to
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be tested was placed in the column to a depth of 1 inch andciean sir was passed upward through the filter and into the oilat a .rate of 166 nil/minute as me-.surnel by a calibrated flowmeter.The air-flow at this rate was continued for five minutes, afterwich it was cut off. The height of foam end the height of clearliquid t the end of the five-minute period and every ten secoidstherevfter until the free licuid surface appeared was recorded'
This enabled one to corpare not only the amount of foam producedin a giv.n lengt+1 of time under stand.rd conditions, but alsoth, rate at which the foam broke when once for-ied.

No irrefutable evidence has as yet bo-eri reported inth lilt(raturc Jn which a pur(. liquid has becn found to forum.This has bcnn confirmed in the cases of the purc, diesters
ex<mined. The above foaming test was applied to the di-(2-othy.hexyl) esters of odipic, azelaic, and sebacic acids. Inecch case the bubbl:s of air formed at the filter rose quickly
through the liquid without coalescing and burst immediatelyupon reaching th surface. No bubbles were found to be stablefor a period as long as a second,

114. In addition, tests were run on some of the diesterbcse lubricants contaiing v,.!riou.s ridditives in order to deter-mine the effects of these additives upon the foaming properties.E-25cI E-2d 9 E-17b, E-33,-o (see Part III - Section A) were eachtried in the above manner and were found to behave exactly likethe pure esters. In no case was a stable foam formed. A sampleof di.-(l-ethylpropyl) setacate was tested with 2.23 per cent ofan acryloid cster polymer thickener to determine if this typeof po-lymer might not cause foaming. 'This v-Iso was found to
form no stable foam whatsoever,

1l5. Certain diester compositions have shown indications ofbeing an improvement on N-26 Aircr ft Instrument Oil. Forcomparison, - foaming test on the N-28 oil Sample L-6-44 preparedby the MWellon Instltute was maide. In the same tube in whichthe diesters produced no foam, this light oil produced almostfiw ilches of foam requiring nearly a minute to break completely.This is arobably to bc expected from th- diversity of m.terilsus. in .aking this oil Pnd from the prescnce of the high mole-Culr - weight polystyrene used as a V.I. improver.

]M. Hence, th,; diesters Examined, both-pur(. t nd compounded,sa:o,,-ed freedom from foaming tendencies superior to those of3thr oils of eqduivlent viscosities. All those diesters ndth,. lubricating compositions med- from them which hl.ve been testedthus fSr have produced no stable foam. This is in agreement v-ithOt cr work on other purr, fluids. Other oils, for wvhich they may' found to be useful substitutes, arc. known to form considerable
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foam under various test conditions,

K * ate Soubiit ydrol~jtic Stabiit~ and EmulsiI'iabili~t

117. Some idea of' th'e solubility of' water in the diester
oils is nece-,ssary to determine their range of applications. If
an oil has a high water soQlubility it is possible that the
dissolved wlater may react vwith,dissolvo, gr precipitate the addi-
tives tha ,t may have been incorporated ifl the oil composition'.
Also it has been observed at this Laboratory that it is much
more difficult to inhibit the ru~t1.ng of steel with additive
oils having an appreciable water solubility,

= 118, 'The volumetric cheir~ica. method of Karl Fischer (39)
forthe-: determination of water wars selected. becaupe of its sim-
plicity snd wide range of *qpplication. This method consists of

titatig te uknon wthn methanol solu~tion of iodine, sulfux
dioxide and pyridine to the appeararie of' the brov~n color-of
free iodine. Smith, Bryant and MItchell (40) studi'ed this

2 rea,-ction and showed that the fundamental reaction occurred in
t,;o distinct stcps.

(1 2 S02 i 3 9-H5N t H20 4 P C5H NHI *C 5H5NSO3

(2) C5H5'NSO 3 tCH130H - C5 H5NH{.S0 4CH3

Only the first equationi iniyoivos w,.ater absorption. The deterio-
ration of the reagent with time was attributed to side reactions,
but these did not causo any decrease in the quantitative'accuracy
of the results -obtained when the reagent was standardized doily
egainst a known water s~)utiofl.

119. Fischer pointed out that the colorimetric end point could
not be detected in the presence of' dar1X colored substances and
suggested that an electrometric method m'ight be developed,
Severel electrometric methods (41, 42, 43, 44) have been reported
in the liter--.ture and their developers state that these methods
give sharper .,,.nd more reproducible enJ points, than the coloni-

* metric miethod,

120. Dieste.rs saturated with water -at room temhperature,
approximrately 30 0-C, w-iere prepared by shaking 5'0 ml. of diester
Witla 25 ml. of distilled wa ' ter. The ester-water mixtures were
Centrifuged to separate any occluded or emulsified water and then
allowed to stand at room temperature for a day to approach equil-
ibrium, Duplicate ramples of'10 to 15 grams of the clear super-
fatant diester were taken and stored in clean dry, glass-stoppered
flasks for titration.

121. The Fischer rpagent was purchased from Eimer and Amend
and standarj ,zed against a methanol solution containing I. mg.
Of water per ml. of solution, As the diesters are not completely
soluble in the reagent and separate into Vio phases during titra-
tion they were dissolved in methanol. Dry methanol was prepared
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by refluxing with magnesium and distilling according to the
method of Gilman and Blatt (45), This methanol was found to
contain a slight amount of water. To eliminate the necessity
of a blank determination the methanol was titrated with the Fischer
reagent to the appearance of the free iodine end point, Approx-
imately 25 ml. of this methanol was added to each sample of the,
diester and immediately titrated with the Fischer reagent,

122. The results of the duplicate determinations on several:.
of the typical diesters and diester oil compositions are given
in Table XVII. Duplicate determinations agreed within - 0.1
percent. by wit. Two duplicate determinations were made on
different samples of di-(l-ethylpropyl) azelate on different days.
The spread in the -water content obtained did not exceed 1 O1
per cent. The discrepancies observed in the duplicate deter-
minations are attributed to two main causes.

1. Reagent reacting with the moisture in the air and
adsorbed on surface of titration flask.

2. The difficulty of obtaining a saturated solution
and excluding occluded water from the samples.

Very little difficulty was observed in obtaining the end point
since the diesters and solvent we re colorless. More exact deter-
minations could b. obtained by the use of the titration flask and
assembly described in the literature (44).

123, The results show.that the solubility of water in the
c sters decreases with increasing chain length, varying from

0.19 -..eight per cent for di-(1-ethylpropyl) adipate to 0.06 for
the di-(2-ethylhexyl) azelate and sebacate, This was expected,
as the water solubillzing effrect of diester groups would decrease
as the hydrocarbon portion of the molecule increased. No differ-
ences in the water solubilities of the diester oil compositions
as compared to the pure base diesters could be detected. The
'ater solubilities of the diesters, though exceeding that of
analogous hydrocarbons, is quite low, approximately 0.1 per cent
or less for most of the diesters.

124. Thc hydrolytic stabilities of the diesters are of
interest since this property governs or limits their suitability
as lubricants in arplications where there is a possibility of
contamination by water. The hydrolysis of carboxylic asters
is probably one of th- most widely studied of all chemical
rceactions. It is a slow, reversible reaction whose ecuilibrium
Conversion is readily measured. Remick (46) has discussed and
summarized the conditions governing reactions of this kind end
the nmechanisms by which they proceed. Hydrolytic reactions
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are catalyzed by both hydrogen and hydroxyl ions, the alkaline
hydrolysis of esters being generally a second order reaction
whereas the acid hydrolysis is a ternary reaction between ester,
water, and catalyzing acid.

125. As the water solubilities of the diesters investigated:
were 0.1 per cent or less, they would beexpected to hydrolyze
very slowly since the concentration of water available for
reaction is very small..: The apparent hydrolysis rate would be,
accelerated slightly by' increasing the interfacial area where
the two reactants of the heterogeneous systems come in contact.
If a solubilizing agent or mutual solvent for the water and
diester could be found, it is quite possible that it would
influence the rate of hydrolysis. With the above difficulties
in mind it was considered undesirable to try to determine the
absolute rate of hydrolysis of the diesters. An empirical test
was used to determine the amount of hydrolysis taking place
under the test conditions.

126. A 50 g. sample of diester and a 50 g. sample of water
were placed in a 250 ml. flask and mixed to saturate the diester
with water. After the emulsion separated, the flask was connected
to a water cooled condenser and the flask placed in a bath main-
tained at 212oF. Plkaline (pH 10), acid (pH 4) and freshly boiled
distilled water were used to hydrolyze e-ch diester. The esters
investigat-d were di-(2-ethylhexyrl) sebacate, the diester of a
primary alcohol, and di-(l-ethylpropyl) azelate, the diester of
a secondary'alcohol. A 5 g. sample of the oil phase and a 5 g.
sample of the aqueous phase were removed in each experiment and
titrated with 0.1 N KOH solution just before placing the test
solution in the thermostat, and also after 24, 72,and 168hours
exposure to the test temperature.

127. The amount of potassium hydroxide consumed in the
titration, 's determined by the differences between'the titrations
at the start and at the various test intervals, was within experi-
mental error for oll samples Pnd times involved. The greatest
diffFrence observed was equivalent to' 9 consumption of 0.05 mg.
of potassium hydroxide per gram of diester. As the theoretical
saponification numbers are 262.9 and 341.6 respectively for the
di-(2-ethylhexyl) sebacate and di-(1-ethylpropyl) azelate, it is
apparent th'-t if either of the diesters hydrolyze3 the amount of
hydrolysis 7s insignificant. No differences in the amount of
hydrolysis could b detected when boiled distilled, alkaline, or
acid water was used. It is concluded that these diesters are
extremely stable hydrolytically and that no difficulties due to
hydrolysis are, likely to be observed when these di~sters are used
@s lubricants in ordinary lubricating systems even if small
amounts of water are present.
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128. No extensive scris of emulsion tests were made on
the diester oils. However, it was found in the course of the
investigation that the pure diesters would not form stable emul-
sions with water# The rates of emulsion separation were approk-
imately in the inverse order of their densities. The incorpora-
tion of 0.2 per cent by weight of the antioxidant, 4-tert-butyl,
2-phenylphenol, had no noticeable stabilizing action on the
emuilsions formedq

129. When rust inhibited diesters were tested by the modifictd
turbine oil rust test (Section H), it was observed that the

dicster-in-water emulsions formed were stabilized by the rust
inhibitors to a degree depending on the inhibitor used, Thus the
rmulsions with divalent salts Qf aryl stearic acids were less
stable than with pEtroleum sulfonates. When distilled water was
used, it required about 30 minutes for the emulsions to break
when the di-(2-ethylhexyl) sebacate contained aryl stearate in-
hibitors. For comparison the emulsion of the non-rust-inhibited
oil broke in less than ten minates, When synthetic sea water
was used approximately 60 minutrs were required for the inhibited
oils ,s compared with ten minutes for the non-inhibited oil.

130. Several of the commercial lubricating oil compositions
received at this Laboratory ;'ere formulated using di-(2-ethyl-
hexyl) sebacate as the base stock. Those containing alkaline
earth petroleum sulfonate rust inhibitors were observed to form
much more stable emialSions with water., Some of these -mulsions
showed only slight separ,*tion even aftcr standing several days.F.Therefore in applications where the rate of breaking of emulsions

is important it is recommended that such a requirement be included
in srecifications for diesteP oil compositions.

., F.,. TWPTR"TTJRE INS RUQENT OILSITl4 DIESTER_~ _ T_0 FON LOW 14 EN

1314 it has been shown in Part II of this report that the
diesters have many properties desired in lubricants and some
not obtainable in any available oils. Other desirable properties
were imparted to the diester oils by the incorporation of small
concentrations of suitable chemical additives. The preparation
and properties of low temperature instrument lubricating fluids
compounded of diesters and chemical additive agents and a descrip-
tion of some compositions of immediate naval interest are dis-
cussed below.

A6 Nin-Poime r-Thl ckened-Oils !

132. A low temperature instrument oil capable of giving
s~tisfactory lubrication over a wide range of temperatures has
been desired for naval uses. Such an oil should have a viscosity
of approximately 10 cs. to .5 cs. at 1000 F. Several of the pure
diiesters discussed (Part II) were in this viscosity range, while
larger number could be prepared from suitable mixtures of these

compounds. Some instrument oil compositions prepared with these
diesters as base stocks are listed in Table XVIII. For conven-
icncc and brevity these diester oil compositions will be referred
to hereafter by the code designations listed in the first column
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of that Table.

133. The requirements and characteristics desired of a
lubricant for naval fire control equipment have been outlined
in another report of this Laboratory (19). The service re-

quirements of a lubricant for such instruments are exceptionally-
rigorous. In addition some aeronautical instrument oils have
required freezing or pour points varying from -650 to -a0°F.

134. Viscosity - temperature data on the diester oil com-
positions are given in Table XIX. It will be seen from a
comparison of this table and Table III that the addition of the
rntioxidant and up to 0.35 weight per cent of the rust inhibitor
had only a negligible effect upon the viscosity, Increasing
the concentration of thre rust inhibitor thickened the oil. This
is particularly apparent for the E-25d series oils containing
calcium di-(phenylstearate) as the rust inhibitor, The viscosity
of the oil was increased from 12.6 to 16.3 cs. by the addition
of 3 per cent of rust inhibitor. Also this inhibitor decreased
the V.I. (or increased the viscosity slope). At -40°F the E-25d
series of oils containing 1 per cent or more of calcium di-(phe-
nylstearate) all exhibited non-Newtonian behavior and the S-25d3
oil had anomalous viscosity properties at O°F. It is probable
that the other oils of this series will exhibit similar anomalous
viscosity characteristics when invcstignted over a greater ronge
of sheer rates. The substitution of the magnesium for the cal-
cium aryl stearates as rust inhibitors (E-25h and E-25k series
of fluids) caused much smaller increasr- in the viscosities and
only small changcs in the V.I. or slopes.

135. It was observed that the mngnesium and zinc soaps were
more rcadily soluble in the diester fluids than were the calcium
soaps, It is probable that the greater viscosity changes cnused
by the calcium soaps were due to the: formation of colloidal solu-
tions and that the use of magnesium and zinc soaps resulted in
more nearly true solutions, therefore causing sma ller viscosity
changr s.

136. The majority of the oil compositions investigated to date
hlad di-(2-ethylhexyl) scbscFate as the base fluid. This was done
because that diester was readily made available in pure form by
a suitable purification procedure (14) applied to a commercial
grade. of the diester sold for use as a plasticizer. Slightly
less viscous oils may be prepared from the di-(2-ethylhr.xyl)
esters of azelaic and adipic acids as exrmplifird by composi-
tions E-33a and E-17b. The bsse fluid for compositions E-17a and *
E-17c was a blnd of the di-(2-ethylhr:xyl) esters of adipic and
sebacic acids, T-hough thc sebacic ester is the -rinor constituent
of the blend, the resulting composition had viscosity-tempe.-rpture
characteristics much superior to that of the di-(2-ethylhexyl)
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iodipate, the major constituent, -nd approached that of the
spbacate.

I 137. Low temperature storage tests of at least 96 hours

duration were made on all of the compositions. The E-25
compositions remained fluid with no evidence of crystals or
precipitates after storage at -65 0 F. There ras some evidence
that the higher concentrations of the rust inhibitors used
tended to depress the freezing points of the pure diesters so
that such oil compositions had even lower freezing points. The
azela e and adipate base oils E-33a and E-17b had lower freez-
ing points than the sebacates. These compositions were fluid
and no crystals or precipitates were observed after storage
for over 96 hours at -75oF, the lowest temperature investigated.
It is believed that these oils could be subjected to even lower
temperatures without. deleterious results since the base diesters
hive freezing points below -100OF and -90°F respectively. Oils
E-17a and E-17c which are sebacate adipate blends also withstood
storage at -750 F.. Very low pour or freezing point oils can be
obtained by proper blending of the diesters of Table III. The
freezing points of blends of the di-(2-ethylhexyl) esters of
sebacic, azelaic, and adipic acids hsve been previously given
(Part II, Section B). The evaporation losses of the diester
oil compositions described in Table A were practically identical
with those of the pure dirster base stocks and will not be dis-
cussed further.

13. The neutralization numbers of the base oils if properly
purified (determtined by FcYderal Specification Board Test 510.31
Method B3 were very low, not exceeding 0.03. The addition of
the antioxidant had a negligible effect on the neutralization
number. However, some of the rust inhibitors caused a consider-
able increase. The zlrne and magnesium soaps used as rust inhib-
itors caused a consid,,rabl e, increase. The zinc and magnesium
soaps used as rust inhibitors caused much greater increases in
the neutralization numbers than did thr, calcium soaps. This is
attributed to differences in the ease of hydrolysis and/or re-
placement of th.-, mctal of the soap by the potassium of the KOH
used in the titration. It was'very difficult for even the same
orerator to get consistent results on the neutralization number
of oils having high concentration of hydrolyzable soaps. The
neutralization numbers of the oils containing zinc and magae.-
sium soaps were calculated assuming that the metal would be
replaced by potassium from the potassium hydroxide solution
used in the titration. Within the limits of experimental error -1
and purity of the soaps th,-. observed and calculated values agreed
in the case of oils containing zinc soaps. For oils containing
Magnesium soaps the observed neutralization number was approx-
imately 30 to 85 per cent of the calculated value. Only from
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10 to 30 per cent hydrolysis or replacement by potassium was
observed in the oils having, calcium soaps. Hence the neutra-
lization numbers of E-33a, E-25hand E-25d oils containing zinc,
magnesium, or calcium soaps of di-phenylstearic acid in prac-
tically equimolal concentrations (4.6 X 10- molal or 0.35 wt
per cent) were respectively 0.53, 0.46, and 0,06, while the
base fluids had neutralization numbers of 0.05, 0,03 and 0.02.

1.39, As some of the o:[L compositions containing 1 per cent
or more rust inhibitor h-id rather :high neutralization numbers,
it w'as considered advisable to determine their corrosive action
if any. The Federal Specification Board copper strip corrosion,
test at 2120F, Method 530.31., wen used. At the end of the three
hour test period the copper test strips had a very slight brown
discoloration as comp red to a freshly polished copper strip.
The specimens were replaced in the oil and the test continued
for a total of 24. hours. Upon examiastioa it wns observed that
the brown discoloration had increased slightly but there was no
evidence of any black or green discoloration which is considered
tnhic,-tive of corrosion. No differences could be detected in
the amount of discoloration caused by the various soaps used.
There was some indication that the amount of discoloration
dc-creased with increasing soap content,

140. The rust inhibiting propertins of the diester oil com-
positions described in Tble XVIII were found to be the same as
those of the pure diasters to which had been added the same con-
centration of the respective rust inhibitors, It ":,s concluded that th,
small amounts of antioxidsftts used in the-oil compositions did
not affect the efficiency of the(, rust inhibitors. Bea, use of
the full discussion of rust inhibition tr'sts in Part II, Section
H, the results of the rust inhibition tests on the lubricant
compositions of Toble XVIII will not be repeated here.

141. The diester oil compositions of Table XVIII differ from
some of the oxidation stabilized diesters investigated in Part
II, Section G only by the addition 6f soap rust inhibitors. It is
kno-,n th:at.metrls, and pnrticulrfly some of the soluble metallic
s 1ts or llsops", exert an enormous influence on th- rate nnd
possibly the course of the oxidation reations of petroleum and
veg,"table oils. Thus it was necessary to determine if the metal I
soi'ps usrd as rust inhibitors caused any significant acceleration
of the oxidation of the diester oil compositions of Table XVIII.

142. The bomb oxi, tion test described in Prt II, Section
G wvs used first. The r, su.].ts of' oxidrtion in the prcsencc,- of
m.'tals under such conditions (16P hours using an initial oxygen
Pressure of 125 ps. et 212 0F) of somr E-25 oils contcining zinc,
M!;grisium and c':ilcium soaps ar(. shown in Treble .YX. None of the
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jis tcsted dcvc:.lore( precipitatols, or showred aqn apprcciable
hnrin visreocIty. The ch,,.nn7e in the nnutrs,-lization number

,w-s less th, n 0.5 in vll c.-ses. Tlo -ovr, PS dascribn'd i n
1 ~.rgrehD13, P'nrt III, it wvas diffinult to got consistent

"(-slts withl thc- test due to the hydrolysis of the soc.-p or
the r(%pla--ce-:ment of the mtlby potassium. The drop in )xygen
prr*ssurc( was zero for the oils containing zinc and M-ngnesium

* sops rind n(:vce.r exceede-d A psi for E-25d series oils. Oaly
0il. "-25c, containing the zinc soap, developed n slight green.
ccst v .,-h ws consid,( .rcd indicrative of copper corrosion. V o
cvidence - of chcmicnl1 ta~ or corrosion by these oils of nny
of the, met95 l specimens asobscrved, Of the other fluids ex-

* mined th,, E-25d series oils derkened in~ color sornewrhrt while
the E-25h scries oils earxenv-d rAvea less. Increasing the, ccl!-
cium or me gnasiuT soqp content of tho oil had little if any. effect
on the oxidation stability of the diester ns determined by this
test,

143. lie.noe the,, bomb oxidation tcsts indiceted the magnesium
Soap rust inhibitors caused no significant changcs other than a
neutreJizetion number rise of less thacn 0.5 in di-(2-ethylhexyl)
sebacrt(:e stabilized by 0.2 per ce-nt 4-tc--rt-butyl 2-phenyiphcaol.
Th.,~ ca-lciim, so!aps shoted ,smraller avutr':lizetion number rise and
only a,. slight omount of Dxid-tion. The zinc sonps, though cz using
nogligibloe oxidation of the oil and no discerntble corrosion of'
the iron arnd almnmmtal specimen?, caused cnough copper cor-
rosion to deve~lop a light greee.- tinge ina the- oil.

144. A dynamic type of oxidation test. .lso la sting 168 hours
w s rapplied'to those oils. In this test clerin dry air ivas used
tDoOxidize tho oil. Th oxid-tion c-13. -'s a cylindrical gla3ss
vessel 250 mmq lon-, end 13 mm' 1f. D. r,,ith ground glass joint. An
air inlet tube -was sc-..led intu the, ccll nea--nr the top nn ran
down th-. side terminratia-g in ,-en upturned tip 0,5 mm in diameter
At the bottoM cente~r of the, cell. The si:me mrct-1. catalysts w~ere
use'd rs in the bomb test. ThD. se .te rr,,nged in the form of
atria.'ngle -vith the long edges touching. A 25 g7r'rn ssmple of

Oil ,--s ch-rgod tnto V-i(- oxid-rtion cell w~hic~h wsth-n connected
to :,~-oo~ eflax condense-r. Th(.. !ass---mbly fitted snugly
into f. h)ole:, :1n !,,- irloctrically hentrd zind thermostrtically con- j
Lrol lcd dure. Lmli *Vloc'?4, cnabl':. of maintaining the oil tem'fper-
, tlux'nt 212 - 0. 5oF. The air flow~ r' te. vv 's 20 mnl/min. Te

eflunt gassfo h xdto cel end condenser assembly
"'vur nllowed to bubble into aknown volume of standerd lkali-

'Nhich wais b-.e-X titrnted f.-t intervrls to dretormine the arnoun-c of *

vol~jleacids produced.

~ The evnluctio'i of the oxida tion ch- racteristics of the
Uje0ster oils by siich atest ,cs considt-red necess! ry asDornite
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et al (33, 34, 35) hove shown thot the volatile reaction productd
mnWy influence the course and rate of the oxid&tion restion. The
Volatile- acid neutralization number or the nu-ber of Tg, of pc-
tassium hydroxide required to neutr-;lizo the vol, tile acids pro-
duced by one grnm of oil during the oxidntion test was also cal-
culrted. The formation of considerable amounts of volatile acids
is, bsides being a criterion of the extent of oxidation, indi-
cative of the corrosion qnd rusting likely to be observed if such
lubricants 1,eru to be in closed or poorly -entil-:ted systems.
The volatile or short chain organic acids are the stronger acids,
end would be more corrosive to metals.

146. The results obtained by this test procedure art listed
in T ble XII. Oils E-25c and E-33a, ea'ch of which contained :
zinc soap, turned green during the oxidation test indicating that
the oxidized oil vvrs corrosive to copper. The copper ,specimen
in oil E-33a ivs slightly corroded bat there ws no visible
evidence of corrosion on the other metal specimens. The changes
in neutralization number, viscosity, and the amounts of volatile,
acidic products formed are not considered excessive. The oils
containing calcium and magnesium soaps gave no evidence of corro-
sive action on any of the metals, nor was there any green color in
the oil after oxidation. The E-25d series oils (containing cal-
cium soaps) darkened slightly during oxidation. The E-25H series
oils (containing magnesium soaps) showed little if any change in
color during the oxidation test. The viscosity changes were not
significant. The decreases in neutralization numbers observed
after oxidation of E-25d2 and E-25d oils are attributed to the
difficulties of obtaining reproduci le titration results with
soap type additives. The amount of volatile acids produced was
significantly decreased by raising the concentration of soap
in the oil. The oils containing the magnesium soaps produced
smaller amounts of volatile acids than those containing calcium.
so ps.

147. The results of the dynamioc oxidation tests are in agree-
neat with those of the static tests. Therefore, the volatile
oxidation products do a,t radically affect the oxidation reation.
The chan :es in pron;erties observed on oxidation indicate that
the magnesium soaps had, at most, only a slight accelerative effect
on the oxidthtive breakdown of the inhibited diester oils, while
the calcium soaps had a somewhat more pronounced action, Oils
containing zinc soaps formed products corrosive to copper during
Oxidation. In fact, a comparison of thn oxidative stabilities
of the diester lubricating oils listed in Tnbl.es XX end XXI, and
Probably those-listed in Table XVIII, reveals thei to be equal
or superior to the petroleum instrument oils whose properties have
beenv examined and discussed by this Laboratory elsewhere. (19).

148. These dia oster instrument oils wrre found markedly super-
ior to the conventj.nal petroleum instrument oils as regrds non-
vol:rtility and viscosity-temperature cheracteristics. The in-
corporation of th.L ,ntioxidant andi small amounts (approxim-tely
0,35 pe-r cent) of' soap typ.e rust inhibitors ha-d a n-gligible
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effect upon the viscosity and viscosity-temperature character-
istics of the lubricants. Increasing the concentration of rust
inhibitors thickened the oils, the calcium soap having a much
greater effect than the magnesium soaps. The low temperature
storage stability was satisfactory as low as -65 0 F. for di-
(2-ethylhexyl) sebacate, and -75OF or lower for corresponding
adipate and azelate compositions, and for the di-(2-ethylhexyl)
adipate-sebacate blend.. Good rust inhibition properties were
imparted to diester oils by the addition of suitabl3 soap type
additives. The use of zinc or magnesium soap rust inhibitors
caused a large increase in the neutralization number. This was
attributed to hydrolysis and formation of the potassium soap.
The calcium soap rust inhibitors caused a much smaller increase
in neutralization number. Though some of the diester oil com-
positions had an apparent high acidity as indicated by their
neutralization numbers, none were found to be corrosive to
copper as evidenced by the absence of black or green colorations
after immersion of a copper specimen in the oil for 24 hours
at 2120F. The stabilities of the diesters were adversely affect-
ed by the zinc soap rust inhibitors and the oils developed a
slight green discoloration indicative of copper corrosion after
oxidation in contact with copper metal. The magnesium soap rust
inhibitors when present in concentrations up to 3 per cent caused
no corrosion of metals and no noticeable increase in the oxida-
tion rate. The calcium soaps only slightly increased the amount
of oxidation. The oxidation stabilities of the diester oil
compositions were equal to, or superior to, those of all the petro-
leum instrument oils investigated. 'j

149. For the formulation of non-polymer-thickened non-vola-
tile, instrument oils having freezing points below -75OF, the
compositions recommended consist of a base fluid of; (a) 20 per
cent of di-(2-ethylhexyl) azelate mixed with 80 per cent of di-
(2-ethylhexyl) sebacate, or (b) 40 per cent di-(2-ethylhexyl)
adipate mixed with 60 per cEant di-(2-ethylhexyl) sebacate,
or (c) pure di-(2-ethglhexyl) azelate. If the freezing point
need not be below -60 F, the di-(2-ethylhexyl) sebacate alone
is a satisfactory base fluil. To any one of the above fluids
0.2 per cent by weight of an antioxidant such as 4-tert-butyl
2-phenylphenol, o-cyclohexylphenol, p-tert-amylphenol should be
added. For rust prevention, concentrations of 0.25 to 2 per cent
by weight of the calcium salt of an arylstearic acid are re-
commended, tlie concentration reqAired being higher the more ex-
treme the conditions of exposure. Satisfactory arylstearic
acids are phenylstearic, xylylstearic, xenylstearic and dodecyl-
phenyl-stearic acids.
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B. Puy.mer-Thickened Oils

150O, Many n,)vel applications require lubricants with the
lowest obtainable viscosity-temper-ture coefficients. This is,
particulqrly true of ,erorv3utical applic; tions where the operaS-
ting temperature range is wide and lubricants having pour or
freezing points s low as -80OF are required. The freezing
points of many of the dicsters investigated meeting or exceeding
this requirement arc given in Table 11 and paragraph 19. In
Section I, Part II of this report the properties Of some
"Acryloid" thickened diesters are summarized and generalizations
made as to the properties of other thickened diesters.

151. The compositions of two experimental polymer-thickened
oils E-21b and E-22n using di-(l-ethylpropyl) azelate and
di-(1-ethylpropyl) sebacate respectively are given in Table XVIII.
Their viscosity vs. temperature characteristics over the temper-
ature range of 2100F to -60OF are tabulated in Table XIX. The
Bureau of Aeronautics is using for a low temperature instrument
oil a synthetic lubricant developed at the Mellon Institute
and denoted by them as N-28 oil. The viscosity requirements
for thjis oil are listed below:

Tempermture Kinematic visc. cs.

100°F 13. 5 minimum
32 50.0 maximum

-40 900
-60 2800

152. A. comparison with the viscosity-temp(.rature character-
istics of oil E-21b reveal that the diester fluid meets or is
below the specification viscosity requirements at all tempera-
tures except 32°F where it is slightly more viscous. A comn
parison of the viscosity-temperature graphs on the ASTM cha~t
reveals that the N-28 oil curves upward more rapidly at sub-
zero temperatures than E-21b oil. The E-21b oil has a slightly
less favorable viscosity coefficient than the N-28 oil in temp-
erature range 130 to O0F but is considerably better at the sub-
zero temperatures.

153. Oil E-22a is somewhat more viscous than the N-28
specification oil at all temperatures. However, a somewhat less
concentrated pol.ymer thickened solution of di-(l-ethylpropyl)
sebacate has been described in Table XVI. A comparison of this
diester base fluid with oil E-21b reveals that the latter has
the better viscosity-temperature characteristics. This is in
agreement with the generalization of Section L, Part II that
the thickening of oils, to some reference viscosity, results
in better
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viscosity-temperature coefficients, the less viscous the base
fluids. Therefore, the polymer thickened di-(l-ethylpropyl)
adipate would be expected to have a lower ASTM viscosity slope
(or a higher VI) than the corresponding azelate or sebacate
base oils. The use of less viscous diesters as base fluids
would result in oils with even lower slopes.

154. The price exacted for decreasing the viscosity slope
by the use of less viscous base stocks is increased volatility.
The evaporation loss after 168 hours at 150OF by the test des-
cribed in Secticn F, Part II was approximately 0.7 weight per
cent for E-21b and E-22a, This is greater than the evaporation
losses of the pure diesters which were 0.4 and 0,2 weight per
cent respectively for the azelate and sebacate. This increased
volatility of the two diester compositions is attributed to the
incomplete removal of the toluene solvent in which solution
the polymer vas prepared. The increase in viscosity after
evaporation -as 1.5 per cent when determined at 100 0 F. These
oils are much superior to polymer thickened petroleum oils of
comparable viscosity and V.I. as regards evaporation and
constancy of viscosity.

155. Both oil compositions E-21b and E-22a were clear, free
from cloud or precipitates, and poured after 96 hours storage
at -800F.

156. The rust inhibition properties of these oils were
determined by the static water drop test. Both oils completely
inhibited the rusting action of distilled water at 140OF for
the test period of 168 hours. When tested with synthetic sea
water at 1000 F the oils had rust ratings of 1 and li after
24 hours and 3 and 4 after 168 hours. This is not quite so
good as the results obtained with the same concentration of
rust inhibitor dissolved in the pure diester. Therefore the
"Acryloid" polymer used interfered slightly with the action of
the soap rust inhibitor. Similar behavior of "Acryloid" thick-
ened oils has been noted by this Laboratory in other diester
fluids as well as in petroleum base oils.

157, The oxidation stability of oil E-22a was investigated
using the dynamic test described in part III, Section A. The
results of this test summarized in Table XXI reveal that the
neutralization nflmber increased from 0,06 to 0.68. No corrosion
of the metals and no formation of corrosive products was observed.
The only cha.gc in the appearance of the oil after oxidation was
a slight deepening of the pale yellow color. No change in vis-
cosity as a result of the oxidation test was observed, It is
concluded that the "Acryloid" polymer has little or no deleterious
,fect on the oxidation stability of this diEster oil. The oxi-
dation stability of this oil was found markedly superior to that
of the N-28
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oil and compares very :favor,:bly %iithi thr stpbil-ity of the best
petroleum b',sc oils (.9). Although no oyid!tioa tests have yet
b(,.ccn made on oil E-21b, from its simil!r composition it would
bc- expected to be -,c stcb.1 css th:: E-22na oil.

15%. Tivo polymor-thiickenied, high V.I., low poi.ri poinit oils
ha~ve been developed using diester b,.-so- fluids and addition 9gents
discussnd in P~rt HI. One of them has been sholrn to be supe;rior
to the N-28 instrume(-nt oil deve-,loped by ti ~elnInstitute in '
viscosity-temper ture cha ractcristics, noft-volAility, rust
in)-,ibiti.or, oxid a.tion sta, tlity, tnd freedom from corrosiveness.
It has equ!Dlly satisfnactory low Q-loud and pour points,

IV. OTHRM A"PLIC.'TlO1N3" OF DIESTEfl OIL CO(K POCITIOj.*TS TO L'7BfICATION

15'9. The non-volatility, excellent oxidntion stability, low
ftoczing points '.,nd good V.I. charncteristics of the diost.'r
instrument ol compositions discussed in Pa-rt III, Sections A
-ind B, suggest thc use of dicster base 1l.,bricants for other
wi-val ;?pplic,.tions. Applicortions need not be riestricted to the
viscosity grm'dos 1nv-stig2tc-.d 'acre. Diesters of other viscosity

grdscould Ab:-. prs%,:-.red by bl,-iding or sy'ithcsis if the nced is
indicaited. The properties of such bl-nds, End of nov , syntheitic
diest'ors, could be rredictcd w .ith P Pair degree of accuracy from
th(.; c-nstriats of the-- pure dir.sters discussed in Part I.

16o. It should be pointed out her, thait the viscosity grcde
of petroleum baqse oils recowmnded for m.any instrument applica-
tions is not ncessartly base-,d on th-, viscosity recuirements of
thc. instrument. Frequently an oil of highnr viscosity is re-
commicndod becausr- of vlAntility rind oxid;ation stability c..nsider-
ations. Not only do the vol.,tilities of p'? -troleum fractionas
decrease w.ith incrc':-sing vilscosity but ,.lso the oxidation sta)bili-
tircs are improved b'-ca usc of' thej. trrnsition to more stable hydro-
carbon types or configuratioias ;rie th- presence of nt-turally
occurring, :rtloxid-nts_ Therefor(.e, t he di,.,sters invrstigqtcd
here haiving viscosities b-low , 10 ccitistokes -.t 100 0 F should be
given coi-sideration -,s lubrica-nts for sEnsitiv- mechanisms wP.here
sma,,ll change a. in tor,e have serious effects on the sensitivity
of the: instrument.

161. Fjr, heervirr duty applicrtions -where oils re desirced
ha.ving, visc;ositie ,1s rt 100OF of from 20 to 50 cs. the diesters of
the brrncnhed dhoi~n unde--cyl, tetr ,decyl and heptadecyl alcohols
f-rc avsilable. Interrec(diate viscosity gradsmy epeprdb
blrndirig the.-s( ' ith I. ss viscous die.sters. Thre. more VISCOUS
diestors could bc used dve n tageously -i b se. stocks for lubri-
crnts suit-ble for usr, in oil-lubrica.ted gear trnins, pa-rticul,%rly

fo o1~tenpeabre appliocations. It is ;also ouite possible. that
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many extreme pressure additives csn be successfully incorporated
in the dicestcr b~sc stocks.

162. An obvious Ppplication. of the b±'qnched-chain die.sters
is to the lubrication of refrigeration mz.,chin-ry, It is possible
thait some refrigerunts such os mmonia nnd sulfur dioxide may
rE3,.ct with the dicstors causing this spplication- to be rcstricted
to refrigeration mochia('ry op;r-ating !,,ith thte more sta-,ble "Freonrs"
Wn ca rbon dioxide.

163. As the, dicsters have highc'r flash points and spontaneous
ignition temperaturcs ind require higher concentr-tions of oxygen
for the formation of explosive mixtures tha'n petroleum products
of simil ,r viscosity grades, their usc. ns lubricatns for eir
compressors is sug-ostcd. The danger of explosions in this type
of -q%.zipmnent should thereforre be rn-trially reduced. The more
viscous dicsters would b- required for such napplicw)tions.

164. The. so-ca"lled 11spindle. oils" of the textilec industry nr.
lwviscosity (approxim-tcly 12 cs. st lOOOi) practically wtr

white oils. The pure diesters Sar"- Water white -:.,d have the -d-
vontage a vcr petroleum oils in that they~ are relcitively non-
ala 1, t 11i

16 ~ There is also muc'- piomise in the use of diester fluids
as crankcase oils for Internal combustion engines i~n Arctic cli-
mates and at 'Aigh altitudes. P.olynw'r thickened diester oils would'
be especially valuable because of their low viscosity at sub-zero
starting tempe:;rature.-s aad non-volatility and stability at the high-
er operating- temperatures. The diesters of tetradecyl anid hepta-
decyl alcohols fall in the SAE 10 viscosity classification and
their viscosities only slightly exceed the requirements of an
'LE 1.0TA oil. The di-undecyl bdipate is less viscous than an SAE
10 oil. It is estimated th: .t 3 per cent of 1"A1cryloid HF-8.80"1
would thicken this diester to aa SAE 10 oil having a viscosity
of arproximately 20 cs. (106 S.U.S.) at 130O~F and 1000 cs. (4600
S.tU.S.) at 00F. Such an oil has a better viscosity at OOF than
an S.PE 1011 oil. Even smaller percentages of this polymer (approxi-
iately 1 per cent) would be required 'to tYbicken the tetradecyl
and heptadecyl dieSters to SAE 20 oils whose 00F viscosities are
within the requirements of Fr'.E 207V oilis. In short, the higher
diosters are comparable to %-inter grade petroleum oils but are
superior in that they have tlhe ash f,,oirts, lo-wer evap-
oration rates 'and lower pour points. Furthermore, the use of
Polymer thickened ceiesters of undecyl alcohols results in fluids
9-ir er tar to petroleum wirntr-r grade oils, having higher flash
Pi nts lowur volatilities , lower pour points, higher V. I. S
and possibly bettr-r oxidation stabilities.
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166, Excellent hycralic ond recoil oils having very good
V.I.I's and lo-, pour points could ,r pared from diester base
fluids. Ilydraulic oils with very h igh V.I.'s could be p:-epared
meeting the viscosity req..irements o" thi specification AN-VV-
0-366b and O.S. 2943 by the additioa of polymer thickeners.
Approximately 5 pcr cent of "Acryloid HF-;e801 would be recauired'
to thicken the di-(3methylbuty]) adipete to the viscosity re-
quircments of ther spocification AN-VV-0-366b. Approximately
10 per cent of this polymer would b- required to thicken di-(3-'
methylbutyl) adipatE to 0.S. 2943 viscosity requirements, M-ore
viscous dicsters could be used as base stocks for the preparation
of 0.S. 1113 oils. Approximately 5 per cent of "Acryloid HF-P80"
would b: reauired to thicken di-(2-ethylhexyl) sebacate to the
viscosity requirements of 0.S. 1113, The polymer-thickened,
dioster base, hydraulic fluids would be much less volatile than
the corresponding petroleum base oils, and hence the present
t ckiness problem would bE. materially alleviated. It is import-
ant to note that the diester base hydraulic oils would necessitate
a change from the present psckin :s and gaske t materials brcause
th(,y cause swelling of many of the type rubbers now in use.

167. It w,,as rcealized that diesters !,ere of promise in the
drevlopment of low.- volatility, stable, low t.mpcrature greases.
iNumnrous syuthetic, diester bFse g'e ses have been devloped by
this Laboratory aad .ill be described in a r,:port to bc submitted
this fall.

168. on-lubricating applicatilons of the diest-r oil compo-
sitions lnclu& thcir use as damping flui's. Thcir low', volatil-
itics, Gv:,n at high temnperatures, makes th-tm ideally suited for
this usc. An example is the- use of di-(2-cthylhexyl) sebacate
as a base for high viscosity polymer additive damping oils wOhich
has been fully discussnd by Fcnske ot al (4).

169. Hick an et al (1, 2, 3) have discussed and patented
several of the dicstfrs included in this investigetion as vacuum
'nd diffusion pump oils. Many of the other diesters described
h(-r-. deserve considf-ration for such uses. The incorporation in
such vacuum pump oils of small amounts of any one or combinations
of the antioxjdants described in Part II, Section G might improve
thir rfficiricy and increase the service life.

170, The above discussion of possible naval uses of thD diester
bas oils -,was £!-sdc- without reference to considerations of availa-
h1.lity or ,ost. It is quite. possibl , that the advant.g~s o be
g:ined by the use of 'iicstcr lubricants will be outweighed by
thE gr.-ater availability and lower cost of corresponding pet rol.-
,.Urn prducts. E.Dewve:> for certain military applications chese

id3erations n; y b of secondary importance, thile fo -oh4-rs
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the pe--rformance gain with the diostpr lubricants may br, such as
to eliminate the consideration o.- r( lative av~ailability and cost.

V. PF-i)DCTION AND SP' CIFICA.TIO OF DINSTEB LUBRICANTS

171.. One limitation. to Turge scale applications of diestor
lubricating oils is thnir cost. Potcntially available in the
United State.,s is a-: supply roughly csti'neted to be bctt-een 250,000
and 1,000,000 gallons of die.'stor oil' prr ycar. This amount should
not seriously limit other commercial uses of thE, reque.sted acids
sind alcohols provided the demcand is not built up too -apidly

172. Di-ster oils could be iadc cheaper by omitting unncssary
purification of thc alcoh.ols and acids rmrloyrd in thr, synthesis.
Thus mixed dibasic ecids could be used instcead of a Pure' add
Also mixtures of isornoric alcohols or narrowA, distillation cuts'
could be us(e-d for" many applications. For some uses the 5ddition
,)f se'lected petrulcum frections may ha.ve- advantages w1ith respCact
to loweor cost -nd improvement in comptability with cortain
coifmercially aveilable addition a~~t.In some applic:ations
small initinl conccentrations o." volatiles such as unreacted
alcohols will not be. detrimental. Ho-'-ver, in making or using
cheapened dicostors certa,-in Trrecautio-ns will be' advisable. The
prresence of vol ,-tilc impuritirs such -as the unreacted alcohols
-.1ill cause only a temnnoviary lo woring- oft.fezing point .;nd
pour Fpbint, and oiddition agenits initially in true solution may
cvrntuolIly form a cloud or even prEicipitate eas the volatila -s
d i sc, ppoa.r.

17/3. Specific-tioris re-quiring or p--rmitt ing the: use of diester
lubricants should include a freezing point rather thnn a pour
point test, t;copp(-r a-,trip corrosioe? test on the base stock or
pireferably on the fintshed :ITubricent, and a h-ydrolysis test for
adulteration vvith le-ss cta .-stors such ns monorstors, A maximum
c.vr.pora.-tion requirement and test is re.comme(ndcd -as a check on the
m-2nufacture of' .) qua-lity dir ster lubricant, For some uses -:, mini-
mum s, ponification numbe--r reouir,-mcnt is d:-sirable for identifica-
tion purp-osae.s or rorevrntion of adulteration 1,w-ith petroleum or other
non-saponifiable ecras If ncecesscary, rdicstcr base stocks can
b,,. obte,2i.ne-.d esse-ntia:lly wiater-white ,while finished inhibited oils
h~ving- a color no 6a,-rkr-r thnn No. 1 ASTM can be prepared, It h,,.,s
bee(.n shown he-ire ha pure, diesters do not forq stablo r.mulsions
-;ith witer. S 'ome- addition aecnts, pEarticularly certain common
Oust inhibitors,, cause. -rc,-tly increased emulsion stability.
11b,)'ver, good deanulsifigbility Chnractrristics cnn be required o f
-thibited die-ater oils, end such n requirement will eyclud;a only

.qom,. but no't- all s!,tisfactory addition agrents. Any of tbe common
o)Xidation te-.sts c--n bo ased in spe.(-,cifying the oxidation stability.

-d:Lster oils.
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174. A wida voriety of bronn( d~chsin .alip,' istic die.-stors
hirve bc,en at .Aicd and hnve been on to be:. ,:dm.'*r.-,bly suited to:
s,-rve:: as b'.-sc, stocks for the d eve-,lopm(e-nt of' nunr~rous synthetic
labricating oils. The_ relation of orga)nic structure to physical
properties such as free.zing point, volatility, ',,Lscosity, and V.
have beeni studicd ,,nd some ru2.c-s of va lue have been otiid
DJyI-sters have bkeen found which ha,:,ve, high V.I. Is and vi.ery low
freezing points 9nd evaporation rates. Espr-cially recommcnd(e d
for instrumvint oil ba&sos ore the. dicsters m-de by reacting adipic,
qzclaic, or seba.cic acids with branched-chain alcohols such -:,
2-,-thyhexyl and 1-cethylpropyl !alcohols. For usos requiring oils
of higher viscosities the diesters made from the s,-mec acids !Ind
tho bra, 'achcd-clanin unde.,,cyl, tetradecyl and hc 'Ptadecyl alcohols
are r(-comra.-ndcd. A numrber of' singlc die sters and mixtures of
diostcers suitable -for instrument oil bnses havc. been found h,?ving
frF-ezing points brlow -75OF and exceedingly low evaporation rates.

l1/5. Efficient -_nti-oxidants, rust prceroative cadditives,
polyml ,xr thickeners and V.I. improvc.-rs hie. been found for use in
thx dev(lopment -:nd improvement of diestor lubricating oils for
.a wierange, of' %Prli,-vtions. A numb(,r of physical and chemical

1'properVties Of diCestE-rs .,f importance, in lubrication hqve been
studicd in thc absencc and in th': pres-ence of jaddition agcants.
Theacs includ,, hydrolytic sto-bility, solubility for water, emulsi-
fisbility, specific gravity, thrral expa-nsion, foaming, volatil-
ity a.nd i.flamm-ebility. A numbe-,r of Instrumcnt oils have be..en
d,-velJ6pnd of mediu-m or higlh vis cosity index, of remarkably low
voD:Atility, en.d h. ving freazing points rnging from -60 to beloiz
-100F. GooC oxidotion stabili-ties, lom foniming tendoncies?
satisfactory demulsi.1bility -rid good rust inhibition prope.rties
hjrvc bee~n obtr- inecd. Te oils art recommnded -for usu in instru-
mrents in stor age or in service.

176. Possible use,,s of these- or reltated diester oils have
b,(.n discussed end it has bee.n concludr-0 th'at certain ones are
espociolly suitedA for gc'eneral instrument use. Laboratory prepara-
tions of teeoils have alrea-dy beencr 1 'e-ted by n.,avesl or cooperat-
ing industri~2. :?ctivitie.s in clocl~s, m,.-ters, controller mechanisms,
gyroscopes, cYmrs. i~n aad bomb sights, synchronous motors, nad

fue ecansm.Othe-rs -rn, noti recoimc'nde.d for future, tests in
Oil gear traiJ.ns, -particula.rly for lowr, tcm-prature applic;a tions,
,ad refrigc..re.tbr rncchirv--.ry --Ind Eis rir compressor lubricants,
spindle Oil-and, inter grade lubricatirig oils iii interhal c:ornbuis-
'Gion engines. They also a-re -ccommcnded for use as hydraulic
~I-I, rc-coil oils (in systems provi&ed with suitable packings~

-53-

2R.1 (IT ED



Although less flarmmoble -than prese-.nt petroleum hydrnulic oils
the di..:ster fluids likc pctroloums are not sufficiently rrc.sis--
tont to 1. cc-adi! .ry fire (22). Dio:,stcr fluids C...rr 21,so recommend-
cd for use in teformul-~tion of non-vol.o.tile. low ternper~tura
Ilw tor(,.uc grr. as,,c~s for d-ry.pirig fluids, -ad for v'acuumr and
diffusion Pump Oils, It i,, brlieved the applicvt ions icsts
rccoummeaded w ill result in improvo:-ments in nqvrl lubric-ition
praxctice in such cqu .jrncnt.

177. Considerations hnvc. bcen ,odw~ncd 'cdtive to the
nvojlvbl'- supply o ,f di'-stcr oils and mo~thods of' dcr(ee.s ing
tne:Lr cost, Specification problems hF..vc been discussrsd and
recommonYdqtions h, vc b-e-':-i m: do(.
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Comparison of' Viscosities of' L"!ph,.tic Di!csters -r~d Norrnal Pf:u-af'fia.

Viseq es. C.in'1c-n,,t ;A 77"P.for
at 77 J?. for Numb'.;r of' . ydro-

Dion~ e-- Carbon Hvdrocarbon

"d rt h y 1 ox, Int c 1.63 8 0,-72 n-octatie
J.'Act1 yl nr1 oma te c 1.79 9 0..'~92 n-nonane

1~'~7 succinetc, 2.32 10 1.15 n-doconC.

rz It y I *d ip at, 2,74 - 12 1..77
e t1 '1 P im (1 ,t e 3.30 13 1-.89 n-tridocca..

I tl suborr.-te . 06 14 2.5 n-tatradc,-:
1 - 1~y a z c Iate -. 15 1.86? n- p cnt, d .. ca

~.ohy1se~c~e ,28163.98 r -h decxw

.. tp D



T..BLE II

Diosters Studied, Their Yaleculs-r W~eights
and Freezing Poilts

Mocl cular Frezing 221nt *
__srIvegtU OF

Pthalatus
Nelthyl phthlalte 222.23 below -3# -27
Imethyl phth!alyl ethyl glycolate; 266.-29 " -35 below -31
Ethyl plciticIy1 ethyl glycolztc 231.27 i , 20 +68
DNbutyl phthalate 278.34 -35# -31
ButkrJ. phthalyl butyl glYcolate 336.37 below -35 'below -31
D;I!-(2-ethylhcxyl) r'hth.alate 390.54 " -55 " -67

DL-\ 1-menthylcthyl) 230.30 2 36
D -(-286.40 bclow -78 below -108

Di' -ethy1lrot71) 286.40 -46 -51
a"(0drehluy)314.45 4 39

Di-(1,-tlrnbthylb) 314.45 -26 -15

Di-(2-othylhexyl) 370,56 -68 -90
bDIi-(2t(-chy y). e't'-yi1 402.56 -62-8

Di-(undacyi)(1) 454.70 glass at below -76
-60

Di-tctradecyl) (2) .538.86 glass at below -76
-6o

Di- (heptadecyl.) (3) 623,02 glass at below -76

Di-(2-(2-butoxyethoxy( 'ettyl) 434.54 -60

DIIT71othylpropyl) 328.48 below -78 belo, -108
*Di- (3-methylbutyl) 328.48 -37 -35
Di- (2-ethylbutyl) 356.52 -45 -49
Di- (2-cthylht.xyl) 432.64 below -78 below -108
Di(2-butpxyc-thyl) 3873 -1.7 1

Sebacatces
Di- (1-methylethy].) 286.40 f 3 + 37
Di- (1-ethylpropyl) 342.50 belowi -78 below -108
Di- (butyl) 314.45 -'. 14 57
Di- (3-piethylbutyI) 342.50 -10 -J
Di- (l ,3-dimn-thylbutyl) 370.56 -25 -13
Di- (2-(-thylbutyl) 370.56 -22 .- 8
Di- (2-c-thylhexyl) .466 55 -67
Di- (2- (2-ethylbutoxy) e-thyl) 45.6 -15 4. 5 0
Di-(tetradecyl) (2) 594.94 glass at b,., .ow -76

-60

zSIICTED



TJ'.LE II (continuead)

Legend: (1) undccyl or (1-mrcthyl - 4-ethyloctyl)
(2) tetradecyi. or (1-(2-mthylpropyl) - 4-ethyloctyl)
(3) heptadecyl or (1-(3-E;thYi~amYl) - 4-ethyloctyl)

* extr~cted fro._. NPLL Report 2573 (14)
# manuifacturers data
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TABLE IV

Effect of Chain Length and Branching on the Viscosity
of Aliphatic Diesters

tCha~h
Length Visc, cs. at t0 F: ASTM

ompound. atoms 210 Blu eSTM

Di-(l-ethylpropyl):
Adipato 14 1.56 4.58 .4043 255 98 0.83
Azelate 17 2.10 6.66 !68.8 429 126 0.77
Sebacate 18 2.28 7.38 !80 504 133 0.75

Di-(3-methylbutyl)
Adipate 16 1.73 4.94 36.8, 171 1125 0.76

.19 229 7.03 58.,5,286 -153 o.71
Sebacate 20 2.51 7.95 71.4-- 1158 0.70

Di-(I,3-dimethylbutyl)
Adipate 16 1.79 5.64 167.9 623 96 0.84
Sebacate 20 2.80 10,3 :154 1510 '132 0.76

Di-(2-ethylbutyl)
Adipate 16 1.89 5.68 51- j297 1123 10.77
Azelate 19 1 2.51 8.17 i 83.01500 !149 0.72
Sebacate 20 2.73 9 .05 97.8t-- 1158 0.70

Di-(2-ethylhexyl) 1 1121 IAdipate 20 2.38 8.22 107 :807 1121 0.77
Azelate 23 3.06 11.4 156 1190 1146 0.72
Sebacate 24 3.32 12.6 187 '1410 154 .71

RRESTRICTED



TZJ3LE V

Effcct of Br nchi-hg on Viscosity

C.inlength Visec~a~
------ 0 .V.I.slopc

Di-(unc',ecyl) adipa~te (1,) 2/4 3.6 '16.9 508 ill 0.77
D].- (tptradocyl) a dipote (2) 24 5.7 t40.5 3000 E~6 0.77
Dj.-(hcptadoc-l) ~Aipato (3) 24 6.8 47.3 2630.107 0.71.

(1) Undocyl is (1-moithy., 4-ethyloctyl)
(2) totrLadecyl is (1-(2-rncthylpropyl), 4-cthyloctyl)
(3) h,-pt,:dccyI is (1-(3-(-thYl1E:mY1), 4-otiyloctyi)

TLBTJE VI

Effect of Position of Ester Groups on Viscosity and
Freezing Point

(ThainFre ez-

Corpoind o _tm2 210 100320

Di- (3-motixylbutyl) 16 3.. .7_3T.94;16.0'36.8!'125 0.76 5

s eb,; ca-to



TABLE VII

Comparisoni of Boiling Points of Di-ethyl Esters with
those of the Norma] Hydrocarbons of same Chain Length

I . .... : '-- "oiling Point oc"- - -- -' -

Normal str;'ight
drH ab DiesrChain length j chain Hydrocarbo Dise.

8 12, 185
9 151 19G
10 174 218
ii 196 237
12 216 240
13 236 2 53

.(74. mm)
14 254 285
16 286 308

' ,, ,ICT .."
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TABLE X

Densities and Specific Gravities of the Diesters

Specific
Density Gravity

Phtha~lo t es

Dicthyl'phtt,.)lote 1. 114 1.121
Mothyl ph-ithalyl ethyl glycolhte 1.216 j 1.223
Dibutyl phthf,1.lte l.C43 .1.050
Ethyl .phthalyl ethyl glycolnte 1.179 1.185
Butyl phthalyl butyl glycol' te 1.095 1.102
Di-(2-ethylhcxyl) phthalate 0481 01987

Muites

Di -(1 -rmethyl 0thItyl) 0.959 0.965
Di-(1-e4.thylpropyl) 0.935 0 .942
Di- (3-ric,--thylb~tyl) 0. 9"0 0. 947
Di(1,3 din,-.cthylbuty1) 0. 9191 0.926
Di(2?--thylbutyl) 0.940 0,947
Di (2-othylhexyl) 0.922 1 0.929
Di (2- (2-cethylbutoxy) eothyl. 0.92. 0.928
Di(undecyl)(1) 0.904. 0.911

!13zcla tes

Di(I.-ethylpropyl) 0.933 0.940
Di(2-ethylbuty1) 0.928 0. 935
Di(2-sthylhExy1) 0.915 0.922
Di(2-butoxyethyl) 0.972 0.979

Sebacates

Di'l-methylethyl) 0.9321 0.938
Di(l-c :thylpropyl) 0,9,22 0.929
Di butyl 0.932 I 0.939
Di(3-niethylbuty1) 0.921 0.928

Di(2-ethylhexyl) 0.912 0.919
Di(2-(2-.ethylbutoxy)ethyl) 0.951 0.958

(1) undecyl or 1-mEthyl, 4 ethyloctyl)
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Li

TABLE XIII

Modified Turbine Rust Test at 1400F.

Di(2-ethylhexyl) sebacate used as base fluid

A, Using Distilled Water

.Wt. of' Rust Emuision 'pH of
Addjitve tested - additive !atine __ Broke Water

None 0 10 Less than 6.7

Magnesium di-(xylylstearate) 0.35 0 Less than 9.6

30 min.
Calcium di-(phenylstearate) 0,35 0 Less than 8.9

0 30 min.
Calcium di-(xylylstearate). 0.35 0 Less than 8.9

30 min,
Barium di-(phenylstearate) 0.35 0 Less than 8.3

I 130 min.

B. Using Synthetic Sea 'dater

None 0 10 ILess than 6.1
10 min.

Magnesium di-(xylylstearate) 0.35 0 Less than 9.8
1 hr.

Calcium .di-(phenylstearate) 0.35 3/4 Less than 8.6
I hr.

Calcium di-(xylylstearate) 0.35 1/8 Less than 8.8
I hr.

Barium di-(phenylstearate) 0.35 1/4 Less than 9.0
1 hr.

* Test rn for 24 hours

TIRSTRICT0D
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TABLE XV

Spray Cabinet Test at 1000F. with Distilled Water

jAdditive tested in Wt. % ___ain rating afer:
idi-(2-ethylhexyl) of' ad - 24 48 ~ 72 -

.eaate, ______ ditive ~~ lr

None I -10 - - -

lalcium di-(phe .nylstearate) 0.35 3 4 5 '7
ICalcium di-(phenylstearate) 1.0 1/2. 123

ICalcium di-(phenylstearate) 2.0 0 1/8 11/41 1/2

Calcium di-(xyenJ.stearate) 1 307 0 0 0 0

iMagnesium d-xlltaae' s5 1/4 2 4 1
Pagnesi.um di-(xylylstearate)i 1.0 1/8 1 2 3

Magnesium di-(xylylstearateY 195 0 i 0 1/2~ 1

REST IC TED
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ILALE T.ViI

SolubilityT of Tater in'Diester3? at R~oom Temperature

Identi fica tion eihercent

Di-(l-et byiproryl) adipate 0.19V
:Di-(l-eth-ylpropyl) azelate 0.12

-' 0,13
0.12

Di-(1-ethylpropy2.) sebacate 0,13
0.13

Di-(2-ethylhexyl) glutiarate 0.06
0.08

Di-(2-ethylhexyl) acUipate 0.08
0.08

Di-(2--ethylhaexyl) azelate 0.06
m~6

D5i-(2-ethyliaexyl) sebacate 0.6
0.06

Di-Cundecyl) adipate 0.*08.
0.08

E-22a *0.13

0.13
,-25C t 0.06

0.06
1-25d *0.08

0108
,E-33a * I0o 6

0.05

*Soo TabldE XVIII for oil composition.
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Table XX

Diester Lubricating Oils - Bomb Oxidation Tests at 212 F

Compositions are listed in Table XVIII

Diester IDescription of appearance
oil com- &P Neut. No. Visc. in cs. after oxidation test:
Dosit ion I eSfor e -After Before After Of fuid lf -o-er

E-25c 0 0.30 0.73 12.6 12.6 faint green cast, oxidized
clear

E-25d 4 0.07 0.47 12.8 12.8 yellow, clear
E-25d 1  1 0.02 0.32 13.5 13.5 light brown, clear darkened
E-25d2  2 0.28 0.59 15.0 15.1 light brown, clear
-25d, 2 0.28 0.75 16.8 16.7 " U " "
E-25h 0 1.23 1.60 13.0 13.0 pale yellow, clear
E-25 h2  0 2.23 2.11 13.3 13.3
E-25h 3  0 3.18 3.13 13.7 13.8

No change in appearance of duralumin and cold-rolled steel.
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